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Abstract
Monitoring is a fundamental key in the multi-disciplinary approach based on the scientiﬁc method
for the analysis of historical constructions. It is complementary to the historical research, the
diagnosis and the structural analysis. More speciﬁcally, the dynamic monitoring is the only way to
get useful information (in terms of frequencies and modal shapes) on the global structural behavior
of a building to validate a ﬁnite element model. According to the modern conservation criteria
that require the minimum intervention as possible, dynamic monitoring is a valid instrument to
detect the causes of structural problems before the planning of restoration works.
In this work, data obtained from a dynamic identiﬁcation campaign and from a new dynamic
monitoring system installed in the Cathedral of Mallorca were post-processed and analyzed. This
Cathedral is one of the most impressive masterpieces of the Gothic architecture. It has a lot of
structural problems as the displacement of the piers, the out of plumb of the main façade and an
extended crack pattern that can inﬂuence the dynamic behavior.
Natural frequencies and modal shapes were obtained by means of the power spectral density
processed with the data obtained from an ambient vibration dynamic identiﬁcation campaign
characterized by 15 setups. Between the modes detected with a global and a setup by setup
analysis, four of them were particularly clear. Subsequently the gradual change of the frequencies
associated to these modes through the time was analyzed and correlated with the variation of the
temperatures. A period of 3 months during the winter was initially considered and later other 2
weeks during a warmer period in May were chosen to see eventual diﬀerences. The eﬀects on the
Cathedral of two diﬀerent earthquake detected by the monitoring system were also analyzed.
Keywords: Gothic Cathedral, dynamic identiﬁcation, dynamic monitoring, temperature and earth-
quakes eﬀects.
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Resumen
MONITORIZACION DINAMICA DE LA CATEDRAL DE MALLORCA
La monitorización es una parte importante en la aproximación multidisciplinar basada en el método
cientíﬁco aplicado al análisis de construcciones antiguas. Es complementario a la investigación
histórica, el diagnóstico y el análisis estructural. Más especíﬁcamente, la monitorización dinámica
es la única forma de adquirir información útil (respecto a frecuencias y formas modales) del compor-
tamiento estructural global de la ediﬁcación para validar un modelo de elementos ﬁnitos. Deacuerdo
con los criterios modernos de conservación que requieren la mínima intervención posible, la moni-
torización dinámica es un instrumento válido para detectar las causas de los problemas estructurales
antes de la planiﬁcación de los trabajos de reconstrucción. En este trabajo, los datos obtenidos
de la campaña de identiﬁcación dinámica y de un nuevo sistema de monitorización instalado en la
Catedral de Mallorca han sido procesados y analizados. Esta catedral es una de las obras maestras
más impresionantes de la arquitectura Gótica. Presenta múltiples problemas estructurales como
el desplome de algunas columnas y de la fachada principal y un extendido patrón de ﬁsuras que
pueden inﬂuir en su comportamiento dinámico.
Las frecuencias propias y las formas modales han sido obtenidas mediante el cálculo de la densidad
de potencia espectral de los datos obtenidos de una campaña de identiﬁcación dinámica mediante
ruido cultural consistente en 18 experimentos. Entre las frecuencias propias detectadas en el análisis
global y en los experimentos individuales, se han destacado 4 de ellos por su claridad. De esta
manera, el cambio temporal gradual de la frecuencia asociada a estos modos ha sido analizado y
correlacionado con la variación de la temperatura. Inicialmente se consideró un periodo de estudio
de 3 meses de invierno para, posteriormente, añadir 2 semanas de Mayo. Las características
más cálidas de estas últimas fechas permitió una mejor calidad de la correlación. También se ha
estudiado el efecto en la estructura de dos terremotos detectados por el sistema de monitorización.
Palabras clave: Catedral Gótica, identiﬁcación dinámica, monitorización dinámica, efectos rela-
cionados con la temperatura y los terremotos.
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Riassunto
MONITORAGGIO DINAMICO DELLA CATTEDRALE DI MALLORCA
Il monitoraggio è un punto fondamentale nello studio multidisciplinare basato sul metodo scien-
tiﬁco per l'analisi di costruzioni storiche. I rimanenti aspetti da considerare per una completa
analisi sono la ricerca storica, la diagnosi e l'analisi strutturale. Nello speciﬁco, il monitoraggio
dinamico è l'unico modo per ottenere informazioni utili (in termini di frequenze e forme modali) sul
comportamento globale di un ediﬁcio al ﬁne di validare un modello agli elementi ﬁniti. In accordo
con i moderni criteri di conservazione degli ediﬁci che richiedono il minimo intervento possibile,
il monitoraggio dinamico risulta essere un valido strumento per determinare le cause di problemi
strutturali prima di procedere a lavori di restaurazione.
In questo lavoro, i dati ottenuti da una campagna di identiﬁcazione dinamica e dal nuovo sis-
tema di monitoraggio dinamico installato nella Cattedrale di Mallorca sono stati post-processati e
analizzati. Questa Cattedrale è uno dei più meravigliosi capolavori dell'architettura Gotica. Essa
presenta diversi problemi strutturali tra i quali bisogna ricordare la deformazione dei pilastri, il
fuori-piombo della parete principale e un esteso quadro fessurativo che può inﬂuenzare il compor-
tamento dinamico.
Le frequenze naturali e le relative forme modali sono state ottenute tramite l'analisi della densità
spettrale di potenza processata a partire dai dati ottenuti da una campagna di identiﬁcazione
dinamica caratterizzata da 15 setups. Tra i vari modi rilevati da un'analisi globale e setup per setup,
quattro di loro sono risultati particolarmente chiari. In seguito, il cambiamento graduale delle
frequenze associate a questi modi lungo il tempo è stato analizzato e correlato con la variazione delle
temperature. Un periodo di 3 mesi durante la stagione invernale è stato inizialmente considerato
e successivamente altre 2 settimane durante un periodo particolarmente caldo in Maggio sono
state selezionate per studiare eventuali diﬀerenze. Gli eﬀetti sul comportamento dinamico della
Cattedrale prodotti da 2 terremoti sono stati inﬁne analizzati.
Parole chiave: Cattedrale Gotica, identiﬁcazione dinamica, monitoraggio dinamico, eﬀetti connessi
a temperatura e terremoti.
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Chapter 1
INTRODUCTION
An appropriate and satisfactory analysis, conservation and restoration of the architectural heritage
requires that a scientiﬁc method based on a multi-disciplinary approach is applied. The study of
historical structures presents a lot of analogies with the medicine: anamnesis, diagnosis, therapy
and controls in fact ﬁnd the correspondent aspects into the condition survey, identiﬁcation of
the causes of damage and decay, choice of the remedial measures and periodical control of the
interventions. Experts in diﬀerent ﬁelds have to collaborate to ﬁnd the best solution at the problem,
trying to respect the recommendations of minimum cost and impact.
Apply the scientiﬁc method means to adopt some hypothesis and then use empirical evidences to
conﬁrm them. The ﬁnite element model is the container of all the physical, mechanical hypothesis
made on the structure: they have to be conﬁrmed or corrected with the use of the historical
research, inspection and monitoring (Figure 1.1).
Figure 1.1: Scientiﬁc method [Roca et al., 2008]
Historical masonry constructions are active entities: due to diﬀerent reasons like material decay
(creep), environmetal actions (temperature, humidity, wind), extraordinary actions (earthquake,
tsunami) or errors during the constructions phase, buildings undergo long-term damages. Masonry
construction experiences mainly tensile damages, compression damages and large deformation.
Though a monitoring system can be installed for a short period in comparison with the centenary
history of some buildings, it is important to analyze the information it provides to get an idea
of the actual conditions of the structure and make hypothesis on its possible future behavior. In
any case who analyze the data must have the capacity to tell apart reversible and irreversible
components of the parameter measured (Figure 1.2).
Thence monitoring is an important activity in the study of historical structures even because it
provides quantitative (and not only qualitative) information to be used for understanding the
present and the future behavior. A monitoring system can be used for:
 Identify the cause of damage and decay: a monitoring system could help in the analysis of
the structural problem and help in take a restoration solution less invasive as possible.
 Check the behavior of a structure when a progressive phenomena is suspected or after one
destructive event as an earthquake: in this way it is possible to understand if safeguard
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measures should be taken
 Check the behavior of a structure after reparation works: in this way it is possible to deter-
mine the eﬀectiveness of the intervention and eventually decide to modify the initial restora-
tion proposals.
Figure 1.2: Monitoring as a window over historical time [Roca et al., 2008]
Due to the increasing necessity to monitor speciﬁc parameters and minimize the costs, a lot of
sensors are available. Anyway the main distinction in this ﬁeld is between static monitoring and
dynamic monitoring.
Static monitoring aims to measure slow-varying parameters over a long time: an example could be
the width variation of the main cracks of a structure. Measures are taken regularly at predeﬁned
intervals for a period of several years but the acquisition frequency is really low. One sample every
hour is usually enough to detect both reversible (cyclic) and irreversible eﬀects.
Dynamic monitoring aims to measure continuously with an high frequency (100-200 samples per
second) variations caused by normal ambient vibrations or short sudden actions as micro-tremors.
This massive amount of data is necessary for the signal-processing and consequently to deﬁne the
dynamic properties of the structure. More information can be found in chapter 3, focused on
diﬀerent aspects of the dynamic monitoring.
1.1 Aim of the thesis
This work aims to increase the actual knowledge about the dynamic behavior of the Cathedral
of Mallorca. The goal can be reached thanks to the post-processing of the data provided by a
new dynamic monitoring system installed in the Church from the end of 2010 with the purpose to
characterize the response of the structure for random ambient vibrations, earthquakes or wind.
To get an exhaustive dynamic characterization of the Cathedral the achievement of the following
targets is desirable:
 Obtain information on the history of the Cathedral, paying attention to deﬁne all the events
that modiﬁed its structure and led it to the actual conﬁguration. The analysis of the present
condition is also important.
 Search previous studies carried out on the Cathedral, particularly those concerning dynamic
aspects.
 Post-process the data obtained with a dynamic identiﬁcation campaign to get the main
frequencies and modal shapes of the Cathedral and compare them with an existing ﬁnite
element model.
 Elaborate the data registered by the monitoring system to establish if there is a variation of
the frequencies along the time.
 Try to correlate the eventual variation of the frequencies with an environmental action like
the temperature.
 Observe the eﬀect of the vibrations produced by close or far earthquakes on the Cathedral
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1.2 Organization of the thesis
Chapter 1 The importance of the monitoring in the study of historical constructions as the
Cathedral of Mallorca is highlighted in this introductory chapter. The aim of the thesis is stated
and a brief description of the arguments discussed in the document is given.
Chapter 2 Basic aspects of dynamics and some deﬁnitions about signal processing later used in
the study are presented in this chapter.
Chapter 3 In this chapter are described the most typical methods for the dynamic monitoring
of structures. Some recommendations are also given.
Chapter 4 This chapter aims to provide a must clear as possible presentation of the Cathedral
of Mallorca. After a preliminary general description, the history of the Churches, the damages it
underwent and its structural arrangement have been deeply described. A state of art of the most
important damages aicting the Cathedral nowadays it is also included.
Chapter 5 In this chapter are described the past studies regarding the Cathedral of Mallorca.
Both the studies regarding the static and the dynamic behavior have been reviewed but greater
importance has been given to the second ones.
Chapter 6 The current studies on the dynamic behavior of the Cathedral of Mallorca are detailed
in this chapter. At the beginning the results in terms of frequencies and modal shapes obtained
with the dynamic identiﬁcation campaign are presented and compared with an existing ﬁnite
element model. Afterwards the variation of the frequencies along the time has been studied thanks
to the new monitoring system installed in the Cathedral. To analyze the eﬀect of the changing
of the temperatures on the dynamic properties, they have been correlated with the trend of the
frequencies. At the end, the eﬀects of two earthquakes on the structure is shown.
Chapter 7 In the last chapter a general description of the work carried out and the main results
the dynamic behavior of the Cathedral of Mallorca are presented. Furthermore suggestions and
indications for possible future works are also provided.
Appendix A In this appendix are presented the main characteristics of the instruments used
for the dynamic identiﬁcation and monitoring
Appendix B The modal shapes resulting from the particle motion study are presented in this
appendix
Appendix C In this appendix are the graphs analyzed to detect the response of the Cathedral
to the Lorca earthquake
CD-Rom All the graphs analyzed to analyze the dynamic behavior of the Cathedral are available
in the CD-Rom.
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Chapter 2
BASIC DYNAMICS AND SIGNAL
PROCESSING
This chapter aims to give a general view concerning the basic aspects of the dynamic following the
classical formulation and some deﬁnitions about signal processing later used..
2.1 Basic dynamics
Each structure, depending on its characteristics like boundary conditions, mass and stiﬀness, has
its ways of vibrating. These are usually called natural modes of vibration and they are in the
same number of the degrees of freedom (DOF) of the system. A mode of vibration is fully deﬁned
by its frequency and its mode shape, which describes the expected curvature (displacement) of a
structure for one particular mode.
Three are the main characteristics of a dynamic system: stiﬀness, mass and damping. The easiest
situation considers the absence of damping and the system is so called undamped: in this case
if an initial vibration (displacement) is given, under particular conditions the harmonic motion
will continue indeﬁnitely (Figure 2.1). Instead for damped systems a certain amount of energy is
dissipated after each cycle and the amplitude of the motion will converge to 0 more or less quickly
(Chopra, 2001).
Figure 2.1: Free vibration of an undamped system (Chopra, 2001)
In civil engineering ﬁeld, dynamic studies are simpliﬁed thanks to the discretization in a ﬁnite
number of points of the reality described by the continuous system. These points, with a maximum
of 6 DOF each (3 translations and 3 rotations) are concentrated masses connected by deformable
elements (Ramos, 2007).
2.1.1 Single degree of freedom systems (SDOF)
The most complete characterization of a single degree of freedom system (Figure 2.2) subjected to
an external force time-dependent p (t) is given by a mass (m) connected to the ground by means of
a massless spring (k) representing the stiﬀness. The dissipation of energy is provided by a damper
(c).
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Figure 2.2: SDOF System
When the system is excited, its motion can be described by means of the dynamic equilibrium of
all the forces involved:
mq¨ (t) + cq˙ (t) + kq (t) = p (t) (2.1)
where q (t) is the displacement and its derivative q˙ (t) and q¨ (t) the velocity and the acceleration.
There are 4 methods to solve the diﬀerential equation of motion (Table 2.1)
Method Domain Valid for e.g.
Classical solution Time Linear systems -
Duhamel's integral Time Linear systems -
Transform methods Frequency Linear systems Laplace and Fourier transform
Numerical methods Time Linear/non linear systems Newmar's method
Table 2.1: Resolution methodologies for the equation of motion
The advantage of Duhamel's integral on classical (analytical) solutions is that it works even for an
arbitrary force acting on the system. The solution obtained with the Duhamel's integral (Chopra,
2001) is:
q (t) =
1
ωd
tˆ
0
p (τ) e−ξωn(t−τ)sin [ωd (t− τ)] dτ (2.2)
where τ is a reference instant, ωd the damped frequency connected to the natural frequency ωnby:
ωd = ωn
√
(1− ξ2) (2.3)
ωn =
√
k
m
(2.4)
and ξ is the damping coeﬃcient:
ξ =
c
2mωn
(2.5)
The solution of the diﬀerential equation can be found also in the frequency domain by means of
the Fourier Transform. The main advantage of this method, consisting in the calculation of the
Fourier Response Function (FRF) is the possibility to evaluate the response of the structure as an
ampliﬁcation of the external excitation. The correlation excitation/response is in fact at the basis
of seismic analysis and dynamic identiﬁcation theories (Alaboz, 2009). This method depends both
on the characteristics of the system and the frequencies to which the system is subjected.
The ﬁrst step to get the FRF is the transformation in the frequency domain of the signal in the
time domain by means of the Fourier Tranformation (FT):
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X (ω) =
+∞ˆ
−∞
x (t) e−jωtdt (2.6)
The Fourier transformation has to be applied to both the sides of Eq.(2.1 )leading to:
−mω2Q (ω) + cjωQ (ω) + kQ (ω) = P (ω) (2.7)
where P (ω) is the FT of the excitation and Q (ω) is the FT of the response.
Solving the Eq.(2.7) with respect to Q (ω), it can be observed that the response is correlated to
the excitation by means of the complex function H (ω), already deﬁned as Frequency Response
Function:
Q (ω) =
P (ω)
mω2 + cjω + k
= H (ω)P (ω) (2.8)
H (ω)represents the correlation between excitation and response. Since it is a complex function,
to calculate its amplitude it is necessary to square root the sum of the squares from the real and
imaginary parts (Ramos, 2007), which results in:
H (ω) =
P (ω)
Q (ω)
=
1
k
1
1− (ω/ωn)2 + j [2ξ (ω/ωn)]
(2.9)
|H (ω)| = 1/k√[
1− (ω/ωn)2
]2
+ [2ξ (ω/ωn)]
2
(2.10)
Once the FRF is calculated it is possible to ﬁnd the solution q (t) by means of the inverse Fourier
transform of Q (ω):
q (t) =
1
2pi
+∞ˆ
−∞
H (ω)P (ω) ejωtdω (2.11)
In practical cases usually the passage from the time domain to the frequency domain is done
using the Fast Fourier Transform (FFT), an eﬃcient algorithm to compute the Discrete Fourier
Transform (DTF). Unlike the FT, the DFT requires a discrete and not a continuous input function:
the input values are chosen by means of sampling of a continuous function. DTF is deﬁned by:
Xk =
N−1∑
n=0
xke
− 2pijN kn......k = 0 . . . N − 1 (2.12)
FFT can be deﬁned as a fast DFT because it uses a faster algorithm. The bigger reduction of the
computational time happens when N is a power of 2.
2.1.2 Multi degree of freedom systems (MDOF)
Figure 2.3: Example of two DOF system and relative body diagram (Chopra, 2001)
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Under some simpliﬁcations, a multi degrees of freedom system with n DOF can be solved as n
single degree of freedom systems with one DOF. These simpliﬁcation assume masses concentrated,
linear viscous damping mechanisms, beam and ﬂoor inﬁnitely rigid in ﬂexure.
However, the equation of movement for a n degrees of freedom system can be written using the
Newton second's law:
Mq¨ (t) + Cq˙ (t) + Kq (t) = p (t) (2.13)
The equation looks similar at Eq.(2.1) but in this case mass, damping and stiﬀness are order n x
n matrices while the generalized excitation and response are vectors.
The solution can be found again through the FRF (Eq.2.14) but the calculation is really time-
consuming because it is necessary the inverse of the matrix n x n for each frequency ω (Ramos,
2007).
H (ω) =
[
ω2M + jωC + K
]−1
(2.14)
Modal analysis helps in ﬁnding an alternative solutions (Ramos, 2007). Initially an undamped
system is considered (Eq.2.15).
Mq¨ (t) + Kq (t) = 0 (2.15)
q (t) = ϕie
λit (2.16)
The solution of the diﬀerential equation is given by Eq.(2.16) where ϕi are the real eigenvectors
and λi the real eigenvalues for the i-DOF. In case of undamped systems
Substituting the solution in the equation of movement brings to:[
K− (−λ2i )M]ϕi = 0..... ∨ .....KΦ = MΦΛ (2.17)
The modes are in the modal matrix Φ while the eigenfrequencies are in the diagonal matrix Λ. For
the orthogonality property of the mode shapes:
ΦTMΦ =

. . .
mi
. . .
 ..........ΦTKΦ =

. . .
ki
. . .
 . (2.18)
where mi and ki are the mass and stiﬀness modal matrices.
If the same operation is done with mass-normalized eigenvectors (ϕm,i = ϕi/
√
mi) the following
relations are obtained:
ΦTmMΦm = I...........Φ
T
mKΦm = Λ
2 (2.19)
Pre-multiplying by ΦT Eq.(2.17) and taking in consideration Eq.(2.18), the undamped natural
frequencies of each mode can be obtained as for the single degree of freedom systems:
ω2i = ki/mi (2.20)
Proportional damping to the system can be added for instance as a linear relation between mass
and stiﬀness (Ramos, 2007). Assuming that the damping matrix can be diagonalized, it is obtained:
ΦTCΦ =

. . .
ci
. . .
 =

. . .
2ξiωimi
. . .
 = Γ

. . .
mi
. . .
 (2.21)
Pre-multiplying by ΦT Eq.(2.13) and introducing the modal coordinates q (t) = Φqm (t)(where qm
are the modal displacements) it is possible to obtain Eq.(2.22), with all the left diagonal side terms:
Iq¨m (t) + Γq˙m (t) + Λ
2qm (t) =

. . .
1
mi
. . .
ΦTp (t) (2.22)
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This equation can be solved with analytical methods or using the Fourier Transform. The diagonal
terms of the FRF is a matrix n Ön given by the following expression:
H(i,k) (ω) =
n∑
j=1
ϕi,jϕj,i
(ω2n − ω2) + i (2ξωnω)
...., ....i ∧ k = 1, ...., n (2.23)
2.2 Signal processing
Signal processing is the enabling technology for the generation, transformation, and interpretation
of information contained in signals (IEEE, Signal Processing Society).
The determination of the dynamic properties of a system is carried out in the frequency domain.
Since data are acquired continuously in the time domain, the Fourier transform is used for switching
to the time domain.
Instead of using the continuous Fourier transform, since the signal is discretized with N samples
of particular value of time (tk), the Discrete Fourier Transform (DFT) can be obtained with the
following expression:
Fxk = Fx(tk) =
a0
2
+
N/2∑
n=1
[
an cos
(
2pik
N
n
)
+ bn sin
(
2pik
N
n
)]
...., ....k = 1, 2, ...., N (2.24)
where a0, an and bn are given by:
a0 =
2
N
N∑
k=1
xk......,......an =
1
N
N∑
k=1
xk cos
(
2pink
N
)
......and.....bn =
1
N
N∑
k=1
xk sin
(
2pink
N
)
(2.25)
The previous formulation is based on the theory of Fourier Series: a periodic signal with period T
can be break down with the sum of an inﬁnite of simple oscillating functions (Figure ???)
Figure 2.4: Example of Fourier Series (Ramos, 2008)
Determine the frequency content of random signals is also very important: to get this information
the Power Spectral Density (PSD) can be used. This is a function that describes how the signal
power is distributed across the frequency.
The energy spectral density in case of a discrete signal can be deﬁned as:
Φx (ω) = Fx (ω)F
∗
x (ω) (2.26)
where Fx (ω) is the DFT of the discrete signal and F
∗
x (ω)is its complex conjugate.
The power spectral density is then deﬁned as:
Rx (ω) =
(Φx (ω))
2
∆ω
(2.27)
If two signals are contemporaneously registered it is possible to calculate the cross energy spectral
density and the relative cross power spectral density:
Φxy (ω) = F
∗
x (ω)Fy (ω) (2.28)
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Rx (ω) =
(Φxy (ω))
2
∆ω
(2.29)
When comparing two signals it is desirable to get more information. This can be obtained consid-
ering:
 Coherence function
 Cross-phase angle
 Transfer function
Coherence function The coherence Cxy (ω) is a function which gives values between 0 and 1
useful to have a measure of correlation between 2 signals at a certain frequency ω. If the values is
1 there is a perfect linear correlation between the signals while if it is 0 no correlation exists.
The coherence function can be deﬁned in terms of power spectral densities by:
Cxy (ω) =
|Rxy|2
Rx (ω)Ry (ω)
(2.30)
Cross-phase angle The cross-phase angle θxy (ω) is obtained by the ratio between the imaginary
part and the real part of the cross power spectra. If Rxy (ω) = Axy (ω) + iBxy (ω), then:
θxy (ω) = tan
−1 Bxy (ω)
Axy (ω)
(2.31)
Transfer function The transfer function can be described as a relationship between the input
X (s)and the output Y (s) of a system, in the Laplace domain considering its initial conditions to
be zero.
H (s) =
Y (s)
X (s)
(2.32)
Alternatively, the transfer function can be approximated using two estimators based on the ratio
between the cross power spectra and the power spectra of the two signals:
H1 (ω) =
Rx (ω)
Rxy (ω)
(2.33)
H2 (ω) =
Ryx (ω)
Ryy (ω)
(2.34)
The real value will be included between H1 and H2.
2.2.1 Signal conditioning processes
Before applying any identiﬁcation technique data should be elaborated to avoid some phenomena
that lead to errors in the signal processing. Further information on these arguments here just
mentioned can be found in Ramos (2007).
Leakage error This error happens when the measuring time is not a multiple of the signal
period. In the transformation from time domain to frequency domain this leads to a diﬀerent
composition of the frequency content (Figure 2.5).
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Figure 2.5: Example of leakage error (Ramos, 2007)
Possible solutions are:
 Increasing of the sampling duration in order to get a multiple of the signal period
 Windowing: it's the application of a window to the original signal in order to get an improved
signal that minimize the leakage error. There are a lot of windows to be used depending on
the characteristics of the signal to modify. In case of random signals it is usually used an
Hanning Window.
Aliasing This error is related to the choice of a not appropriate sampling rate during the exper-
imental test (see chapter 3.1.1) and a possible solution is the ﬁltering.
A ﬁlter is a sort of window function applied in the frequency domain that modify the spectrum
signal. Common ﬁlters are low pass, high pass and band-limited (Figure 2.6).
Figure 2.6: Main typologies of ﬁlters
Decimation This is the term used to explain the reduction of the sampling rate during the
analysis of the time signal in order to increase the processing velocity (Figure 2.7). Doing this
operation it is important avoiding the aliasing problem.
Figure 2.7: Decimation of order 2
Averaging Working with random signals, before processing the experimental signals, it is neces-
sary averaging the data by means of the Welch's procedure. This procedure is based on Barlett's
method and it aims to reduce the random noise from the signals. The procedure preﬁgures the
following steps:
 Divide the total amount of data point in a certain number of samples with limited time
duration.
11
2.2. Signal processing 2. BASIC DYNAMICS AND SIGNAL PROCESSING
 Computing the Discrete Fourier Transform for each segment.
 Averaging all the signal transformation.
The result is a smoothed curve. The consequence of using short segments in time (corresponding
to a big number of segments) leads to a decreasing of the frequency resolution. For this reason it
is usually better overlapping the segments (2/3 is the recommended size).
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Chapter 3
DYNAMIC MONITORING
TECHNIQUES
Dynamic monitoring is an important key for studying historical constructions because it is the only
instrument able to provide parameters related at the dynamic global behavior of the structure as
frequencies, modal shapes and damping. The characterization of the modal parameters can be
done in two diﬀerent methodologies:
 Dynamic identiﬁcation campaign: the modal response of the structure can be obtained mea-
suring the motion produced by ambient or forced vibrations, depending on the characteristics
of the constructions. Tests are usually no longer than 20 minutes
 Fixed monitoring system: the measures, in terms of acceleration, velocities or displacements
can be taken continuously or only when the input is above a predetermined threshold.
These methodologies usually don't work independently but they are connected: in fact, the dynamic
identiﬁcation campaign can be used for a better planning of the position of the sensors for the long
monitoring.
In this chapter attention is focused only in the aspects more related to the following experimental
study on the Cathedral. More information can be found in Ramos (2007).
3.1 Dynamic identiﬁcation
The dynamic identiﬁcation is the technique used to perform an experimental modal analysis of a
structure in order to get its dynamic response. The response of the structure is usually analyzed
in the frequency domain while the measures registered by the data acquisition system are often
accelerations, in few cases velocities and almost never displacements. Thence, the entire process to
determine the experimental modal parameters can be considered composed of two diﬀerent parts.
The ﬁrst step is given by the experimental test performed thanks to the installation of a data
acquisition system while the second step is the determination of the modal parameters by means
of diﬀerent available analytical methods.
3.1.1 Experimental testing
The experimental testing phase is very important: in fact if the measurements are not good it will
be impossible to process the data. The following aspects should be initially considered:
 Excitation mechanism: in case ambient vibrations are not enough to excite the structure, pos-
sible sources of excitation are shakers, impact hammers or drop weight systems. The choice
depends mainly on the structure to be tested, on the costs, on the capacity of transmitting
energy and on the possibility to control the force and the frequency.
 Response transducers: it is important to select the correct sensors for the particular appli-
cation so that the sensors chosen will be able to detect the information that is required.
The most important parameters that characterize diﬀerent sensors are the sensitivity (mini-
mum change of amplitude that the device can discriminate), the resolution (minimum level
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of excitation detectable in the device), the frequency range, the temperature range, the fre-
quency sensibility and the dynamic range. There are three main typologies: piezoelectric,
piezoresistive and force-balance.
Another component of the experimental testing is the Data AcQuisition device (DAQ): its function
is the conversion of the data in a discrete-time interval. In some cases it is necessary some signal
conditioning before the data processing .The main signal conditioning functions of DAQ are::
 Amplify the low level signals to increase the resolution and reduce noise.
 Isolate the transducer signal during the transfer of the data from the sensors to the data
acquisition device.
 Filter the undesired signal to improve the accuracy of the results.
A good estimation of the sampling rate is important to perform a good test and detect correctly
the frequencies. In fact, if a lower sampling rate than real frequency is used, the signal prediction
will not reﬂect the reality (Figure 3.1). This problem is called aliasing.
Figure 3.1: Aliasing problem [Ramos, 2007]
Figure 3.2: Correct sampling frequency [Ramos, 2007]
To avoid this problem it is possible to use the Nyquist-Shannon theorem: it states that in a
analogical-digital conversion, the minimum sampling frequency not to lose information in the re-
construction of the original signal with a ﬁnite and known bandwith is the double of its maximum
frequency (Figure 3.2)..
3.1.2 Identiﬁcation techniques
Depending on the use or not of an excitation mechanism during the experimental testing phase,
there are two techniques to post-process the data. These are the input-output identiﬁcation tech-
niques and the output only identiﬁcation technique.
The ﬁrst group of methods has been widely used for modal identiﬁcation of small structural systems
because it is not diﬃcult to develop an adequate excitation. It can not be used for large structures
as towers, bridges or long span buildings for which the production of artiﬁcial excitations constitutes
a problem.
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3.1.2.1 Input-output identiﬁcation techniques
Between all the method that could be applied for an input-output identiﬁcation the Peak Picking
(PP) method it's the most classical. It is part of the Single-Input Single-Output (SISO) family,
A complete list of the methods, both in the frequency and time domain can be found in Ramos
(2007).
Peak Picking (PP) The main assumption of this method is that resonant frequencies response
is not inﬂuenced by non-resonant frequencies around the peak. The resonant frequencies are
connected to peaks of the FRF amplitude. The FRF can be deﬁned as the ratio between the
output and the input of the system:
FRF =
Output
Input
=
Acceleration
Force
=
Response
Excitation
The FRF can be substituted by an equivalent FRF of one DOF (Ramos, 2007), given by:
H(i,j) (ω) =
ϕi,nϕj,n
(ω2n − ω2) + i (2ξωnω)
(3.1)
The damping can be estimated using the Half-Power Bandwidth method (Figure 3.3):
ξn ≈ ω2 − ω1
2ωn
(3.2)
Figure 3.3: Half-power bandwidth method (Ramos, 2008)
The modal shapes are estimated by taking the peak values (ω = ωn) of the set of FRFs and
therefore: ∣∣H(i,j) (ωn)∣∣ ≈ ϕi,nϕj,n
2ξω2n
(3.3)
This method has some disadvantages like the high sensibility to the noise and the damping. Fur-
thermore in case of resonant frequencies concentrated in a narrow band there could be problems
of contamination between the modes.
3.1.2.2 Output only identiﬁcation techniques
To use this group of identiﬁcation methods (Table 3.1) the ambient excitation acting on the struc-
ture has to be assumed as a stationary Gaussian white noise stochastic process. In other words
the input is considered a completely random signal. The response includes the modal contribution
of the ambient forces, the contribution of the structural system and the contribution of the noise
signals from undesired sources (Ramos, 2007).
These techniques are divided in two main groups: some methods are based on the frequency
domain, the remaining on the time domain. The frequency domain methods are based on the
signal analysis of each point measured by means of Fast Fourier Transform and on the correlation
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Method Characteristics
Peak Picking (PP) Classical SDOF method
Frequency Domain Decomposition MDOF method; application of SVD to
Frequency (FDD) reduce noise
Domain Enhanced Frequency Domain MDOF method; application of SVD to
Decomposition (EFDD) reduce noise
Polimax MDOF method
Random Decrement Operates in time domain series, leading to a
(RD) free decay curve analysis
Recursive Techniques Time series model using recursive
Time (ARMA) algorithms
Domain Maximum Stochastic methods based on the
Likelihood Methods minimization of a covariance matrix
Stochastic Subspace Identiﬁcation Stochastic methods based on the project of
Methods (SSI-DATA) state vector on a vector of past realizations
Table 3.1: Classiﬁcation of some relevant output only identiﬁcation methods [Ramos, 2007]
of the signals. The advantage is the good data-processing velocity while the disadvantage is the
long time needed for one accurate frequency resolution.
Six points should be considered when performing a dynamic identiﬁcation campaign with the
only-output technique (Ramos, 2007):
1. Create an initial ﬁnite element model to perform a preliminary modal analysis and so get an
idea about the frequencies and the modal shapes.
2. Deﬁne the point to measure with the help of the previous results: the natural frequency
analysis allows to determine the most important points where the sensors can be placed. If
the number of points is greater than the number of sensors available, numerous setups will
be utilized using a reference sensor.
3. Carry out some localized signal measurements in order to monitor the level of the signals
(understand if the selected accelerometers can be used for the test), characterize the signal-
to-noise ratio and get an idea of the resonant frequencies. This can be done in the position
of the reference sensor.
4. Deﬁne the parameters of the tests in terms of sampling frequency and measuring duration.
An empirical rule establish that an acceptable duration is 2000 times the highest natural
period of interest. This value can vary for diﬀerent typologies of buildings.
5. Preliminary check of the quality of the data obtained to control if the test worked correctly
and if the results are reliable.
6. Elaborate the data obtained using two or more identiﬁcation methods. In the frequency
domain two common methods used are Peak Picking (PP) and Enhanced Frequency Domain
Decomposition (EFDD).
Apart from the Pick Picking previously described, there are other two methods based on the
frequency domain currently used to surpass the limitation of the PP.
Frequency Domain Decomposition (FDD) It is an extension of the PP method which makes
diﬃcult to estimate close frequencies. The ﬁrst step of the analysis is to perform a Discrete Fourier
Transform (DFT) on the raw time data, to obtain the Power Spectral Density n x n matrices (n
is the number of DOF) that will contain all the frequency information. Each element of those
matrices is a Spectral Density Function. The diagonal elements of the matrix are the real valued
Spectral Densities between a response and itself (Auto Power Spectral Density). The oﬀ-diagonal
elements are the complex Cross Spectral Densities between two diﬀerent responses (Gade, 2006).
This approach uses the fact that, in the condition of a white noise input, lightly damped structure
and when the mode shapes of close modes are geometrically orthogonal, then modes can be esti-
mated from the spectral densities calculated. The FDD technique is based on the Singular Value
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Decomposition (SVD) of the Spectral matrix. This decomposition corresponds to a Single Degree
of Freedom (SDOF) identiﬁcation of the system for each singular value (Brincker, 2001):
[Ryy (ωk)] = [Ψk] [Λqq (ωk)] [Ψk]
T
(3.4)
where Λk k is a diagonal matrix with the singular values, positive and real eigenvalues of the matrix
RG (ω), distributed in decreasing order, and Ψkis a complex matrix where each column contains
the mode shape vectors of each spectral peak.
The implementation of the FDD technique is simple. On the other hand the resonant frequencies
are estimated with discrete frequency values with a consequent loss of precision. To increase the
frequency, large time series should be used (Ramos, 2007).
Enhanced Frequency Domain Decomposition (EFDD) It is an improvement of the FDD
technique. The previous problem in fact is avoided because the resonant frequencies and damping
coeﬃcients are estimated in time domain, by the application of inverse FFTs.
3.2 Long term dynamic monitoring
Long term dynamic monitoring is challenging because a multiplicity of aspects should be consid-
ered. The diﬃculties related to the choice of an appropriate instrumentation to get reliable data
are the same of the dynamic identiﬁcation. Since most of the time an ambient dynamic campaign
is carried out before the installation of the monitoring system, then the same instrumentation is
usually kept.
Unlike modal identiﬁcation which represent a frame of the dynamic behavior through the time,
dynamic monitoring registers continuously data (unless the activation of the system only over a
certain threshold is set): for this reason a correct interpretation of the results is more diﬃcult.
It should be done carefully to avoid errors in the evaluation of the causes and the eﬀects of the
dynamic behavior.
For this reason, these recommendations should be considered when facing the monitoring (not only
dynamic but also static) of a structure [Roca et al., 2008]:
 Monitoring is not an isolate step in the path of knowledge of a structure but it has to interact
with historical investigation, geometrical survey (crack pattern) and other non destructive
and minor destructive tests to characterize as better as possible the structure.
 The monitoring of a speciﬁc phenomena requires the use of an as much speciﬁc strategy.
 Correlation between the causes (actions) and the eﬀects (structural response) is an impor-
tant issue and for these reasons environmental parameters should be characterized. This is
important to not confuse cyclic and irreversible components of the measured parameters.
Examples could be the variation of the frequencies/width of cracks for the dynamic/static
monitoring. To get this point a period of at least one year of monitoring is necessary but
to evaluate a possible tendency more years are required. Redundancy of measurements is
desirable to have more consistent results.
 The measurement points in the case of a dynamic monitoring should be carefully selected
in order to investigate the global behavior of the structure and not the local one. Previous
dynamic tests or numerical model can help in the organization of the monitoring program.
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Chapter 4
THE CATHEDRAL OF
MALLORCA
The Cathedral of Mallorca is not only a symbol of the Balearic archipelago and of the Mallorcan
architecture but it is also one of the most famous Gothic buildings in Europe. The Church is
considered one of the magniﬁcent buildings built during the Middle Ages and it attracted the
attention both of the tourists and the researchers for some of its peculiarities such as the complex
conﬁguration, the immensity of the interior space, the extraordinary dimensions and the slenderness
of some structural elements.
The Church looks on to the Mediterranean Sea: in fact it is located within a bay in the Almudaina
district of Palma de Mallorca over the Roman walls that protect the city (Figure 4.1).
Figure 4.1: External view of the Cathedral of Mallorca (Palma de Mallorca website)
It is well documented that the Seu (name given to the Cathedral by the local population) was built
on the site of a preexisting Muslin Mosque. In conﬁrmation, the history reports that one night
in 1229 the Spanish King James I sailed to the island to defeat the Arabs and capture Mallorca.
During the crossing a violent storm struck down his ﬂeet and the King made an oath promising
to erect a temple in honour of the Virgin Mary if he survived. At the end he arrived safely,
he defeated the Arabs and so he quickly undertook the project but he didn't begin the works.
The Mosque however was not immediately destroyed because it was probably used as a place of
Christian worship until the end of the works on the Cathedral.
This chapter contains a description of the Cathedral: special attention is given to the structural
arrangement and to the main historical construction phases. The principal damages observed in
the structure are also included.
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4.1 Description of the Cathedral
The Cathedral of Mallorca can be considered a Gothic Cathedral although it presents some Re-
naissance marks. In fact the works started about in 1300 during the reign of James II but they
were ﬁnished only in 1601 with the construction of the west main façade. Despite there are not
a lot of information concerning the process leading to the ﬁnal conﬁguration of the Church, two
diﬀerent bodies are clearly observable.
The ﬁrst part (A) to be built was the east body; it is composed by the choir and the surrounding
Chapels as the Trinity Chapel (the more ancient element), the Royal Chapel, the Corpus Christi
Chapel and the San Pere Chapel. The second part (B) is the west body; it is composed by a
central nave, two aisles and the lateral Chapels inserted between the eight buttresses spaced along
each lateral façade. Adjacent to the north façade (C) are the cloister, the sacristy and the bell
tower, still unﬁnished nowadays (Figure 4.2).
Figure 4.2: Plan subdivision of the Cathedral of Mallorca
Two doors are present in the lateral façades: on the south side is the Mirador portal, a Gothic
masterpiece mainly designed by the Mallorcan architect Guillem Sagrera, while on the south side
is the Almoina portal. Whereas in the south façade is clearly appreciable the Gothic style, the
main facade which overlooks the Almudaina Palace shows an eclectic neo-Gothic composition due
to the restoration works carried out by the architect Juan Bautista Peyronnet after the 1851
earthquake. The criticism refers mainly to the huge dimensions and the poor coherence with the
original structure.
4.2 History of the Cathedral of Mallorca
The history of the Cathedral of Mallorca is characterized by a signiﬁcant number of important
aspects concerning both the phases of the constructions (1300-1601) and the following events
and restoration works experienced by the building. Despite the construction of the Church is a
consequence of an oath made by James in 1229, the works started only around 1300 during the
reign of his son, James II.
The works started in 1306 thanks to a large bequest left by James II to support the construction
of the apse , which was used as a funeral chapel. Nowadays it is known as the Trinity Chapel and
it contains the royal tombs of the dynasty. The construction of the Royal Chapel started in 1311
and ﬁnished in 1370.
The west body of the Cathedral began to be built by the year 1368 under the direction of the
architect Jaume Mates: he started the constructions of seven pairs of octagonal piers to substain
the vaults. By 1401 the works concentrate in the door of Mirador and so the construction of the
Cathedral with the main façade was ﬁnished only in 1601 during the Renaissance. During this
period, in 1490 an arch of the central nave collapsed [Llompart, 1995] causing serious damages.
From the end of its construction to 1851 earthquake, the Cathedral showed diﬀerent problems
mainly related to the arches, the vaults and the main façade. For instance, in 1639 the major
vault close to the main facade was completely dismantled and rebuilt since it was seriously cracked
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[Jovellanos, 1832]. Other meaningful episodes are the reconstruction of the greater arch of the
central nave in 1655 [Durliat, 1960] and the collapse of an arch in 1659 [Jovellanos, 1832]. Before
1851, Mallorca suﬀered another earthquake in 1660: this caused the collapse of two arches and
probably the origin of an out of plumb of the façade, measured in 80 cm during 1679 [Durliat,
1960]. After the reconstruction due to the collapse in 1698, the vault of the second bay collapsed
again, as well three other vaults in 1706, 1717 and 1743 [Durliat, 1960] Between 1803 and 1851 the
out of plumb increased up to 130 cm and the proposal to demolishing the façade was forwarded.
The night of 15 May 1851 an earthquake of intensity between VII and VIII hit the island and
the Cathedral suﬀered the collapse of the already damaged façade while the remaining part of the
Church resisted well the tremor.
After the earthquake the restoration works started: originally in charge of the project was the
Architect Antoni Sureda but after six months the Architect Juan Baptiste Peyronnet succeeded as
designer. The result of the works ﬁnished in 1888 was a neo-Gothic façade not coherent with the
rest of the building (Figure 4.3). The section of the buttresses of the façade was also increased.
Figure 4.3: Original west façade (l) and reconstruction project by Peyronnet (r) (Martinez, 2007)
In the XX Century the Bishop of Mallorca commissioned to Antonio Gaudì some works in order
to adapt the Cathedral to more contemporary trends. For 3 years Gaudi studied the Church and
then the works started in 1904 but after 10 years he suddenly interrupted them probably due to
some criticisms he received by the Mallorcans. The project, including the recovery of the nave and
the Royal Chapel, was concluded by Joan Rubio, a Gaudi's pupils.
Throughout the last decades the Cathedral underwent continuos repair and maintenance works:
for instance, the restoration of the west façade and its towers was ﬁnished in 2006 (Figure 4.4).
Figure 4.4: Restoration of the towers of the west façade (Martinez, 2007)
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4.3 Structural arrangement
The Cathedral of Mallorca has a total length of 121 m and a width of 55 m. Most of the space
is occupied by the naves of the west body: the central nave and the two aisles are in fact 77 m
long and 35,3 m width. The central nave spans 19,8 m, the lateral ones 8,75 m each and in the
remaining part are the lateral chapels.. Longitudinally the nave is divided by 7 bays with the same
length: the only exception is given by the presence of the lateral doors in correspondence of the
ﬁfth bay from the choir that create a sort of false transept characterized by a longitudinal span
slightly longer (Figure 4.5).
Figure 4.5: Horizontal plan of the Cathedral (Martinez, 2007)
The sense of great spaciousness that a visitor of the Cathedral could feel can be better understood
looking at the dimensions of the vertical elements (Figure 4.6). The piers substaining the vaults are
incredible slender since they are 22,7 m high and have an octagonal section with a circumscribed
diameter of about 1,7 m. The vault keystone of the central nave is 44 m high and the lateral naves
reach 29,4 m. Furthermore, the vault of the central nave has a width of only 20 cm even if the
span it covered is really high. Both the vaults of the central nave and the aisles are pointed: the
former have a double square plan while the latter a simple square plan.
Figure 4.6: Interior of the Cathedral [Boromeo, 2010]
Such an audacious structure was possible to be realized thanks to the system of buttresses provided
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to the Church to ensure stability. The base of the buttresses is 1,5 m wide and 7,7 m long, measure
representing the 44% of the span of the central nave. Another artiﬁce to ensure the stability of the
Church [Rubiò, 1912] is given by the presence of a triangular overload upon the transverse arches
and a pyramidal with squared base overload upon the vaults of the central nave (Figure 4.7). The
transverse arches of the naves are completely ﬁlled up to key vault with masonry walls while the
vaults are backed with a light structure basically made of slender stone wallets and slabs.
One particular characteristic is the presence of a double battery of ﬂying arches, element not
common in the Mediterranean Cathedrals (Figure 4.8). The presence of the lower level of ﬂying
arches is justiﬁed because their function is to receive the thrust from the central nave and transfer
it to the buttresses. The role of the upper level is not clear since the Cathedral never had a high
pitched roof possible to cause lateral thrust due to wind eﬀect but just a terrace over the vaults
and successively a metallic roof. Thus their only function is the draining of the rain water from
the roof.
Figure 4.7: Overloads upon the transverse arches (l) and upon the vaults (r) (Martinez, 2007)
Figure 4.8: Double battery of ﬂying arches (Martinez, 2007)
The stones used for the construction of the Cathedral derives from local quarries to avoid problems
of transportation. Two typologies of stone characterized by diﬀerent mechanical parameters were
used. Recent test showed that walls and buttresses were built with a well workable sandstone with
a low compression strength of about 2 MPa while the piers were erected with a better sandstone
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which compression strength is about 20 MPa (UPC, 2003). The core of these structural elements
is not ﬁlled with rubbles but it is made of blocks obtained from the same stone.
4.4 State of existing damage
The extraordinary audacity of the Church even respect to other Gothic Cathedrals (Table 4.1)
aﬀects the overall structural behavior of the building and consequently it is possible to detect some
anomalies:
 Lateral plumb of the piers in both the directions of the nave.
 Vertical cracks at the base of some piers and possible partial expulsion of the wedges in
certain cases.
 Deformation of the ﬂying arches, particularly the ones belonging to the upper battery.
 Separation between the central nave and the transverse arches highlighted by evident cracks
along the contact lines.
 Out of plumb of the western façade and appearance of cracks in the clerestory walls close to
it.
 Cracks in other structural members like the buttresses and the lateral naves.
Due to all these reasons, a detailed assessment has been lay-out devising comprehensive historical
investigation, inspection, monitoring and structural analysis [Gonzalez and Roca, 2000 2003-2004].
Cathedral Nave central Nave lateral Piers
Place span (m) height (m) span (m) height (m) d/span h/span
Mallorca 17,8 m 43,95 8,75 29,4 0,08 14,6
Girona 21,8 34,2 (single nave) (no piers)
Milan 16,4 44 7 29 0,17 9
Beauveais 13,4 46,3 5 21 0,16 7,1
Amiens 12,4 41,5 6,4 18,7 0,14 7,5
Reims 12 36,4 5,3 16 0,15 5
Paris 11,85 31,4 4,6 10,2 0,11 4,5
Salamanca 11 34 7,3 22.4 0,25 3,5
Barcelona 11 25,6 5,5 20,5 0,16 8,5
Table 4.1: Geometrical properties of a group of Gothic Cathedrals (Salas, 2002)
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Chapter 5
PAST STUDIES ON THE
MALLORCA CATHEDRAL
The Cathedral of Mallorca instigated the interest of a lot of studious so much that the ﬁrst
researches about its structural behavior date from the beginning of the XX century. Nowadays a
lot of studies about the static behavior of the structure are available while only from few years the
dynamic characteristics of the structure began to be investigated.
Studies on the Cathedral of Mallorca can be divided in two diﬀerent groups:
 Studies on the static behavior of the Cathedral: the ﬁrst attempt of limit analysis was
manually carried out by Rubio (1912). Afterwards with the use of computers a deeper limit
analysis was developed by Maynou (2001). More complicated structural analysis were done
by Salas (2002) and Clemente (2006): Salas made analysis using the Finite Element Method
and the Generalized Matrix Formulation [Roca and Molins, 1998], a diﬀerent approach for
the analysis of bays with curve geometry and not uniform transversal section while Clemente
performed analysis using a three dimensional non linear ﬁnite element model. It is important
to remind that all these studies analyzed only one typical bay of the Cathedral
 Studies on the dynamic behavior of the Cathedral: the work of Martinez (2006) included
the creation of a global ﬁnite element model of the Church calibrated using the results
of the dynamic identiﬁcation previously executed. Boromeo (2010) analyzed the data made
available by the monitoring system installed in the Church trying to ﬁnd a correlation between
acting actions and structure response.
5.1 Studies on the static behavior
Due to the fact that this work is mainly addressed to the evaluation of the dynamic aspects, only
the principal results of the studies concerning the static behavior of the Cathedral are presented.
5.1.1 Rubió (1912)
Joan Rubió i Bellver can be considered a pioneer of the graphic-statics method applied to large
structures. After a long process he found an equilibrated solution for which the thrust-line was
completely inside the boundaries of the typical transversal bay. (Figure 5.1). For the calculation
Rubió considered only the self-weight of the structure. The main diﬃculty to draw a correct thrust
line was connected to the slenderness of the pillars and to the thrust they receive on the top from
the lateral nave.
The only possibility to get a valid solution is to have a thrust line almost vertical at the spring of
the arch: this can be reached increasing the weight over the central nave in order to counteract the
thrust of the lateral nave. This explain the presence of the previously mentioned overloads over
the vaults and the arches. Rubió observed that his solution was consistent with the curvature of
the pillars.
Furthermore he calculated the maximum compression stress acting on the pillars and on the arches:
the respectively values of 4,5 MPa and 3,1 MPa resulted close to the compression resistance of the
stone.
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Figure 5.1: Graphic static analysis of a typical bay (Rubió, 1912)
5.1.2 Maynou (2001)
Josep Maynou performed a limit analysis using a computer calculation technique. He discovered
that a lot of admissible solutions were possible (Figure 5.2). As Rubió, he asserted the importance
of the overloads for the global stability but in contrast with him he stated that even without taking
into account the out of plumb of the pillars it was possible to obtain acceptable thrust lines.
In the opinion of Maynou limitations of the work are given by the impossibility to create a good
model of the three dimensional vaults in a two dimensional form and by the elimination of the
degrees of freedom to simplify such a complex structure.
Figure 5.2: Limit analysis (Maynou, 2001)
5.1.3 Salas (2002)
Antoni Salas analyzed the typical bay of the Cathedral using both the Generalized Matrix Formu-
lation (GMF) and the Finite Element Method (FEM). The constitutive model of the material used
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for the GMF (Figure 5.4) is linear elastic perfectly brittle in tension and elastoplastic in compres-
sion. The GMF is based only on the equilibrium between external and internal forces: since there
are no hypothesis on the deformations ﬁeld, big curvatures are possible and the plastic hinges are
easily approximated in comparison with the FEM.
Using both methods Salas found that a multiplication factor of the dead load equal to 1,7 leads
the structure to the collapse: this value is lower than the common values usually detected for
masonry structures (Figure 5.4) . The importance of the pyramidal overloads over the vaults for
the attainment of the global stability is conﬁrmed: without consider them the multiplication factor
decreases to 0,9 and this would mean that the structure can't support its self-weight. The same
result is obtained if the superior battery of lying arches is removed while if both the structural
elements are not considered the multiplication factor remains of 1,7.
Figure 5.3: Compression stresses and hinges distribution for the dead load (Salas, 2002)
Figure 5.4: Compression stresses and hinges for the multiplication factor of collapse (Salas, 2002)
5.1.4 Clemente (2006)
Roberto Clemente worked on a non linear tridimensional ﬁnite element model of a typical bay.
The model was implemented with a distributed damage formulation opportunely modiﬁed to lo-
cate discrete cracks by means of a localized damage formulation. Using the damage distribute
formulation several analysis were carried out to study the inﬂuence of the constructing process
and the creep phenomena of the material . Afterwards, a proposal of strengthening consisting in
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steel ties situated at the base of the lateral vaults was studied on a two dimensional model with
a localized damage formulation (Figure 5.5). Unfortunately this reinforcement turned out to be
inadequate to the seismic actions acting on the structure.
Figure 5.5: 3D (l) and 2D (r) model of the typical bay (Clemente, 2006)
Clemente found that the use of a localized damage model allows to obtain a propagation of the
damage more realistic than using a distributed damage model. A collapse mechanisms caused by
the interaction between the degradation (damage) of the material and its rheological (creep) eﬀects
was proposed. The determination of this mechanism included the eﬀects of the non geometrical
linearity. The signiﬁcant deformation of the pillars can be related to the construction process and
to the long term damage.
At the end Clemente deﬁned a possible development of cracks due to diﬀerent external forces like
seismic action (Figure 5.6), creep and self-weight with a distributed damage model.
Figure 5.6: Collapse mechanism and damage for the seismic analysis (Clemente, 2006)
5.2 Studies on the dynamic behavior
Past studies about the dynamic properties of the Cathedral of Mallorca are important for the
comparison with the most recent analysis.
5.2.1 Martinez (2007)
Martinez contributed signiﬁcantly for a better global understanding of the Cathedral of Mallorca.
This Church was taken as a reference case in an integrated study about the evaluation of the
seismic vulnerability for middle and long span masonry historical building.
Between the diﬀerent aspects to evaluate for reaching this target it is important to obtain the
dynamic properties of the Church, for instance by means of an ambient vibration analysis. These
information will be used for the calibration of the mechanical properties of the ﬁnite element model
of the structure.
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5.2.1.1 Dynamic Identiﬁcation
The dynamic identiﬁcation was carried out on May 3thand 4th, 2010. Due to the wide dimen-
sions of the Cathedral and the use of only one sensor, analysis were done independently for each
measurement point.
These points were chosen on three diﬀerent levels: (ﬁgure 5.7):
 Level 1: over the chapels
 Level 2: over the lateral naves
 Level 3: over the central nave
Figure 5.7: Levels of the points of acquisition (Martinez, 2007)
Nineteen acquisition points were chosen (Figure 5.8-5.9-5.10): each measurement was 3 minutes
long at 256 samples per second with a triaxial geophone registering velocities
Figure 5.8: Points of acquisition for the ﬁrst level (Martinez, 2007)
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Figure 5.9: Points of acquisition for the second level (Martinez, 2007)
Figure 5.10: Points of acquisition for the third level (Martinez, 2007)
The results of the dynamic correlation are presented considering each level independently. Only
the low frequencies are provided because in large structure as the Cathedral of Mallorca high
frequencies are usually connected to the excitation of individual structural member like the arches
used as point of measurement and not with the whole construction (Figure 5.11-5.12-5.13).
Figure 5.11: Spectra level 1 (Martinez, 2007)
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Figure 5.12: Spectra level 2 (Martinez, 2007)
Figure 5.13: Spectra level 3 (Martinez, 2007)
The 3 diﬀerent spectra are generally correspondant (Table 5.1): a perfect correlation subsists for
mode 3 while the greater diﬀerence between the values of the frequencies appears for mode 1 values
(percentage error of about 10).
Mode Level 1 Level 2 Level 3
f [Hz] f [Hz] f [Hz]
1 1,28 1,19 1,31
2 1,47 1,44 1,5
3 1,59 1,59 1,59
4 1,84 1,94 1,94
5 2,03 2,13 2,09
Table 5.1: Frequencies of the ﬁrst 5 modes of the Cathedral
5.2.1.2 Monitoring
A temporary monitoring system was installed in order to detect possible seismic events and eventu-
ally compare these data with the results of the dynamic identiﬁcation. This investigation campaign
can be divided in two phases: what distinguishes part 1 from part 2 is the number of sensors used.
Phase one The monitoring system started working on June 8th, 2005 and remained in function
for over one year. Only one accelerometer was used and it was placed over the the second arch
of the central nave. During this period no earthquakes occurred in the area surrounding Palma
di Mallorca. However, the monitoring system detected the signal originated by an earthquake in
Chile occured on June 13th, 2005. For the data processing, two windows corresponding to the
moments of higher acceleration were considered (Figure 5.14-5.15-5.16-5.17).
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Figure 5.14: Chile earthquake - Window 1: (l) accelerogram N-S, (r) spectra (Martinez, 2007)
Figure 5.15: Chile earthquake - Window 2: (l) accelerogram N-S, (r) spectra (Martinez, 2007)
Figure 5.16: Chile earthquake - Window 1: (l) accelerogram E-W, (r) spectra (Martinez, 2007)
Figure 5.17: Chile earthquake - Window 2: (l) accelerogram E-W, (r) spectra (Martinez, 2007)
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Considering both directions, the frequencies of modes 2,3,4 and 5 appear while the frequency of
mode 1 is diﬃculty detectable. Even in this case the high peak of energy is linked to the third
mode of the structure.
Phase two A second accelerometer was place over the ﬁrst chapel of the north side. With a
couple of sensors available more signiﬁcant results can be obtained by means of the transfer function
and the coherence. The monitoring system worked for over one year starting from June 22 th,2006.
Unfortunately during this period only earthquakes with an epicenter far from Palma de Mallorca
were detected. Despite the presence of a huge amount of data, it was impossible to correlate the
data between the sensors because the energy of the earthquake input was too low in comparison
with other input energies as traﬃc or wind.
5.2.1.3 FEM Model
A three dimensional ﬁnite element model was created and calibrated using the information previ-
ously collected in order to perform structural analysis and study the seismic vulnerability of the
Cathedral. The model is very huge and consists in 463768 tetraedric 4 nodes elements and 28473
triangular 3 nodes elements (Figure 5.18)
Figure 5.18: Finite element model of the Cathedral of Mallorca (Martinez, 2007)
The initial mechanical parameters used in the model were based on in-situ tests realized in diﬀerent
parts of the structure (Gonzalez and Roca, 2003) and on the prescriptions of the Eurocode 6 (Table
5.2). The materials were divided in three groups:
Group Young mod. Poisson mod. Density Compression res. Tension res.
- [MPa] - [Kg/m³] [MPa] [MPa]
A 8000 0,2 2400 8 0,4
B 2000 0,2 2100 2 0,1
C 1000 0,2 2000 1 0,05
Table 5.2: Initial mechanical properties of the ﬁnite element model
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 Group A: pillars and ﬂying arches
 Group B: vaults, walls and buttresses
 Group C: ﬁlling of the vaults
The process of calibration followed three steps. At the beginning just one typical bay was ana-
lyzed: in this way, despite it was possible to obtain a good correlation with the ﬁrst frequency, no
information can be acquired about the interaction with the remaining structural members.
For this reason a model including only the naves (Figure 5.19) was created and the interaction with
the other elements was considered by means of appropriate boundary conditions. The calibration
was based on the ﬁrst frequency (f=1,28 Hz): increasing 25% the value of the initial properties
good results were obtained (Table 5.3).
Figure 5.19: Model of the naves (Martinez, 2007)
Mode Experimental Analytical
- Level 1 Level 2 Level 3 Naves
1 1,28 1,19 1,31 1,22
2 1,47 1,44 1,5 1,51
3 1,59 1,59 1,59 1,59
4 1,84 1,94 1,94 1,86
5 2,03 2,13 2,09 2,08
Table 5.3: Comparison experimental and analytical frequencies using the model of the naves
Finally the global model including all the structural elements of the Cathedral was used. By
means of few iterations, modifying the mechanical properties of the materials, (Table5.4) a perfect
correspondence between the ﬁrst frequency of experimental and analytical analysis was detected
(Table 5.5).
Group Young mod. Poisson mod. Density
- [MPa] - [Kg/m³]
Pillars and ﬂyng arches 15264 0,2 2400
Vaults and walls 3816 0,2 2100
Filling of the vaults 1908 0,2 2000
Buttresses 3600 0,2 2100
Table 5.4: Mechanical properties of the ﬁnite element model after the calibration
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Mode Experimental Analytical
- Level 1 Level 2 Level 3 Naves
1 1,28 1,19 1,31 1,28
2 1,47 1,44 1,5 1,6
3 1,59 1,59 1,59 1,7
4 1,84 1,94 1,94 1,86
5 2,03 2,13 2,09 1,93
Table 5.5: Comparison experimental and analytical frequencies using the global model
The model was calibrated on the ﬁrst frequency of the third level due to the good quality of
the measurements and the higher displacements of the system that hide the eventual presence of
parasitic frequencies. Once the calibration of the model is concluded the ﬁrst 5 modal shapes were
represented (Figures 5.20-5.21-5.22-5.23-5.24). Mode 1 has a global longitudinal behavior while
in the remaining modes torsional eﬀects are relevant. The interaction between the rigid elements
(façade and apse) and the ﬂexible elements (naves) has a signiﬁcant role in the general distorsion
of the Cathedral.
Figure 5.20: First modal shape (Martinez, 2007)
Figure 5.21: Second modal shape (Martinez, 2007)
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Figure 5.22: Third modal shape (Martinez, 2007)
Figure 5.23: Fourth modal shape (Martinez, 2007)
Figure 5.24: Fifth modal shape (Martinez, 2007)
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5.2.2 Boromeo (2010)
Luana Boromeo analyzed the results of the monitoring system from December 15 th, 2005 until
October 24th, 2006. The huge amount of information stored with a sample rating of 200 sps was
divided in ﬁle containing 2 hours of data. For the continuous analysis a registration every day was
used: the selected time was between 6:00 a..m. and 8:00 a.m. in order to minimize the eﬀects of
the environment on the structural response. Af the end of the ﬁrst analysis ﬁve principal modes
were detected (Table 5.1).
Mode f [Hz]
1 1,27
2 1,39
3a 1,54
3b 1,6
4 1,83
5 2
Table 5.6: Frequencies for the ﬁrst ﬁve modes
The presence of temperature and humidity sensors allows the correlation of the frequencies with
the relative environmental eﬀects. In the monitored period the temperature measured inside the
Cathedral ranged from 12,45° to 30,33°. A good correlation exists between the variation of the
temperatures and the frequencies, especially for modes 2 and 3 (Figure 5.25-5.26)
Figure 5.25: Temperature and frequency variation - Mode 2 (Boromeo, 2010)
Figure 5.26: Temperature and frequency variation - Mode 3b (Boromeo, 2010)
After the increasing of the temperatures during the summer the tendency of the frequencies
changed. To analyze better the reasons the inﬂuence of the humidity was studied. The corre-
lation between humidity and frequencies is opposite: in fact the frequencies decrease when the
relative moisture raises. This could be related to the increment of mass of the stone due to the
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saturation. To analyze the eﬀect of both humidity and temperature on the structure a double lin-
ear regression was used. If only the period characterized by the increasing of the temperatures is
considered, the results is that the humidity doesn't inﬂuence a lot the variation of the frequencies.
On the other hand, if the complete period of 11 months is analyzed the inﬂuence of the humidity
is important (Figure 5.27)
Figure 5.27: Multiple regression for frequencies, humidity and temperature (Boromeo, 2010)
Furthermore the eﬀects of the wind and diﬀerent earthquakes were studied. It was found that wind
action can strongly excite the structure while the earthquake detected were not signiﬁcative from
a dynamic point of view: In fact, their action resulted to be lower than the action of the wind.
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Chapter 6
CURRENT STUDIES ON THE
MALLORCA CATHEDRAL
The current studies on the dynamic behavior of Mallorca Cathedral are divided in two diﬀerent
parts:
 Dynamic identiﬁcation: it is the only way to detect the dynamic characteristics of the struc-
ture in order to calibrate and validate a ﬁnite element model. It provides one picture of the
dynamic behavior of the structure in a certain moment of its life.
 Long term monitoring: it aims to determine the change of the dynamic properties over a
long period of time due to external actions as the temperature or even seismic shocks.
6.1 Dynamic Identiﬁcation
The dynamic identiﬁcation was carried out on December 15thand 16th, 2010 by the Department
of Geotechnical Engineering and Geo-Sciences of the Universitat Politecnica de Catalunya. Due
to the wide dimensions of the Cathedral and the availability of only 3 triaxial accelerometers, the
use of diﬀerent setups was necessary to get a dynamic characterization of the building as better
as possible. Keeping one accelerometer ﬁxed (reference sensor) and changing the position of the
others it is possible to obtain results from more points and have a full identiﬁcation of the Church.
The reference sensor has the function of point of control and it allows the correlation and the
combination of the diﬀerent results.
For the dynamic identiﬁcation 15 setups were planned for 23 total points of data acquisition (Figure
6.1 - Table 6.1).
Figure 6.1: Setups plan for the dynamic identiﬁcation
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Test Fixed Point 1 Point 2
T1 145 201 -
T2 145 201 -
T3 145 201 -
T4 145 266 201
T5 145 201 -
T6 145 201 266
T7 145 201 266
T8 145 201 266
T9 145 201 266
T10 145 201 266
T11 145 201 266
T12 145 201 266
T13 145 201 266
T14 145 266 201
T15 145 201 Taurus
Table 6.1: Combinations sensors/setup
The reference sensor is located over the arch of the central nave in correspondence of the buttress
number 5 (cfr Figure 4.2). For all the setups the remaining sensors were placed over the middle
point of the arches of the lateral naves and over the arches of the central nave just at the base of
the triangular overload in the south side (Figure 6.2). Only for the Setup 5 one sensor was located
in the façade in order to identify its contribution.
Figure 6.2: Example of position of the sensors
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The accelerometer 266 was connected to the digitizer and data acquisition system Taurus while
the accelerometers 145 and 201 were connected to two digitizers Trident and the data were stored
by Taurus. The instrumentation was completed by an handable battery to ensure electricity
during the tests. More information about the devices is in Appendix A.
The dynamic identiﬁcation has been carried out using only ambient vibrations as input excita-
tions. For each setup the registrations were approximately 15 minutes long and the sampling rate
was 100 sps (samples per second). Accelerations were acquired in three perpendicular directions:
north/south, east/west and in the vertical plane. As convention, the north is assumed in the direc-
tion of the tower of the Cathedral due to the fact the Church is east-west orientated (cfr. Figure
6.1).
6.1.1 Elaboration of the data
The data obtained with the dynamic identiﬁcation were elaborated in two diﬀerent ways in order
to obtain modal information:
 All setups analysis using the software ARTeMIS Extractor Light developed by the society
Structural Vibration Solutions.
 Setup by setup analysis using both ARTeMIS and a program developed in Matlab by
Prof. Oriol Caselles.
Despite methods to estimate modal parameters can refer to the time or to the frequency domain
in this work only the frequency domain has been used.
6.1.1.1 All setups analysis
The signal processing has been carried out using the only frequency domain method inmplemented
in the available version of ARTeMIS: the Basic Frequency Domain Technique, also known as Pick-
Picking (PP). The parameters for the processing are as follows:
 Decimation: order 1, with a determined sampling frequency of 100 Hz and a Nyquist fre-
quency of 50 Hz.
 Filtering: ARTeMIS has implemented a butterworth ﬁlter. The default ﬁlter is an 8th order
low-pass ﬁlter: this has been changed in a 7th order high-pass ﬁlter with a cut-oﬀ frequency
of 0.3 Hz.
 Spectral density: the number of frequency lines between 0 Hz and the Nyquist frequency is
4096, determining a frequency line spacing of 0.01221 Hz and an overlapping between the
Hanning windows of 66,67%.
ARTeMIS peak picking identiﬁes the natural frequencies in the graph of the normalized singular
value of the power spectral density matrix. Even if the frequencies can be automatically detected,
a manual selection has been adopted (Figure 6.3)
Figure 6.3: Peak Picking
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The main natural frequencies are mostly concentrated in the range between 1 Hz and 3 Hz.
The ﬁrst mode appears at1,147 Hz while the higher amplitude occurs at 1,575 Hz (Table 6.2).
Mode Frequency [Hz]
1 1,147
2 1,416
3 1,526
4 1,575
5 1,917
6 2,234
7 2,405
8 2,673
Table 6.2: Estimated modes with the Peak Picking method
ARTeMIS allows a visual simpliﬁed representation of the modal shapes. In order to reach this
purpose the construction of a schematic model of the structure and the deﬁnition of the measure-
ment points with their directions are necessary (Figure 6.4). The blue arrows converging in a point
show the position of the reference sensor while the green arrows show the position of the sensors
for diﬀerent setups. It is important to underline that in this schematic representation only the
elements (points, line, surfaces) connected to the measured points will move.
Figure 6.4: Simpliﬁed geometric model of the Cathedral
Between all the modes, modal displacements seems to be clear just for some of them (Figure 6.5):
 Mode 1 (f=1,147 Hz): the movement seems to be mainly longitudinal but the south lateral
nave (the opposite of the tower side) shows a transversal component too.
 Mode 2 (f=1,416 Hz): fundamental longitudinal movement (E-W direction); the movement
of the part of the central nave close to the façade is opposite (accordion eﬀect).
 Mode 4 (f=1,575 Hz): fundamental transversal movement (N-S direction); the façade is not
involved in the modal shape and the points of the central nave close to it move oppositely
The movement of the remaining modes is not easily detectable and deeper analysis (setup by setup)
should be considered.
Light green represents the original geometry of the Cathedral while dark green the deformed shape.
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Figure 6.5: Modal shape - Mode 1 (l), Mode 2 (c), Mode 4 (r)
6.1.1.2 Setup by setup analysis
Using ARTeMIS and following the previous procedure once again, the frequencies with a higher
value and a clear peak of the power spectral density of the signal were detected for each setup used
during the tests(Table 6.3).
Setup\Mode 1 2 3 4 5 6 7 8
N° f [Hz] f [Hz] f [Hz] f [Hz] f [Hz] f [Hz] f [Hz] f [Hz]
1 1,51 1,59 1,94 2,25 2,4 2,67
2 1,44 1,51 1,59 1,94 2,2 2,42 2,67
3 1,47 1,59 1,94 2,22 2,43 2,69
4 1,44 1,51 1,57 1,94 2,22 2,4 2,67
5 1,44 1,53 1,59 1,94 2,22 2,42 2,69
6 1,43 1,51 1,59 1,93 2,18 2,41 2,67
7 1,42 1,5 1,57 1,95 2,17 2,44 2,69
8 1,43 1,51 1,94 2,2 2,36 2,66
9 1,17 1,5 1,57 1,94 2,45 2,67
10 1,16 1,43 1,59 1,94 2,26 2,39 2,67
11 1,16 1,57 1,93 2,16 2,44 2,66
12 1,13 1,4 1,49 1,92 2,23 2,33 2,64
13 1,17 1,43 1,57 1,89 2,22 2,43 2,62
14 1,17 1,43 1,57 1,96 2,23 2,43 2,65
15 1,15 1,48 1,57 1,9 2,22 2,4 2,62
ALL 1,15 1,42 1,53 1,57 1,92 2,23 2,4 2,67
Table 6.3: Setup by setup frequency analysis - ARTeMIS
The last table shows that not all the frequencies are detected by all the setups and in particular
the frequency corresponding to the ﬁrst mode appears just in half of them. The fourth mode,
related to the frequency with the higher value of power spectral density is present in basically
all the setup. Furthermore, for all the setups this value of frequency is really close to the value
obtained considering all the setups together.
A more precise analysis of each setup and consequently of the global behavior of the structure can
be obtained using the program developed in MatLab by Prof. Oriol Caselles. The dynamic char-
acterization of the Cathedral is based on the analysis in the frequency domain of the accelerograms
(time domain) recorded by the data acquisition Taurus. Once the accelerograms are corrected by
the gains of the acquisition system, they are transformed from the time domain to the frequency
domain by means of the Fourier transform. The spectra are computed with a 50 seconds Hanning
Window overlapped of the 33%. The ﬁnal spectra is just the average of all the windows. Then the
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Power Spectral Density (PSD) is computed. PSD is the power of the signal amplitude divided by
the frequency band. The PSD is computed due to the fact that the input signal used was a random
vibration. Power spectral density is independent of the window length and the scanning frequency
for random vibration signals. Since simultaneous tests were performed using three (or two) sensors
the program calculates the coherence and the cross-phase correlation between the signals in order
to improve the knowledge of the Cathedral.
Coherence is a measure of the linear dependence between two signals. Its value ranges between 0
and 1: coherence between two signals subsists if the value is higher than 0,8. When two signals
seems to be related but no coherence is present means that they could be non linearly dependent.
The cross.phase correlation indicates the translational oﬀset between two signals. Its value ranges
between -pi and pi: when it is 0 the points are moving in phase (in the same direction at the same
time) while when it is -pi/pi the movement is opposite.
The results are presented showing in the same screen the following graphs:
 PSD of two diﬀerent signals: since the accelerometers used in the tests are triaxial it is
possible to have the Power Spectral Density graph in each direction: E/W (longitudinal
direction), N/S (transversal direction) and U/D (vertical direction).
 Coherence between the signals.
 Cross phase between the signals.
If all the accelerometers were in function 18 screens appear due to the diﬀerent combinations
between directions and sensors (Table 6.4) while when accelerometer 266 was not working (Setup
1-2-3-5) only 9 screens are available because the combinations including it don't exist. Moreover
for each setup, a screen showing the accelerograms of all the 9 or 6 channels is provided. In some
cases the initial and the ﬁnal part of the time history have been cutted because the signal was not
clear and its processing could lead to bad results.
The frequencies showing a peak have to be manually selected, then the corresponding values of the
PSD, of the coherence and of the cross phase are automatically calculated.
Fig. PSD 266 (taurus) PSD 145 PSD 201 COH PHA
- E/W N/S UP E/W N/S UP E/W N/S UP - -
1 X X X X
2 X X X X
3 X X X X
4 X X X X
5 X X X X
6 X X X X
7 X X X X
8 X X X X
9 X X X X
10 X X X X
11 X X X X
12 X X X X
13 X X X X
14 X X X X
15 X X X X
16 X X X X
17 X X X X
18 X X X X
19 Accelerograms
Table 6.4: Combinations of the results of the dynamic identiﬁcation for each setup
The following graphs are given as an example to show how the MatLab program provides the
results: the accelerogram of setup 11 (Figure 6.6), the comparison between sensors 201 and 266
for the E/W direction of setup 8 (Figure 6.7) and the comparison between N/S and E/W for the
sensor 201 of setup 7 (Figure 6.8).
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Figure 6.6: Setup 11 - Accelerogram
Figure 6.7: Setup 8 - Fig. 7 of Table 6.4
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Figure 6.8: Setup 7 - Fig. 14 of Table 6.4
The range of frequencies detected with the setup by setup analysis using the MatLab program
includes the frequencies detected by the global analysis using ARTeMIS (Table 6.5). The range of
values obtained with the MatLab analysis could be attributed at the day variation of the frequen-
cies.
Mode ARTeMIS MatLab
- f [Hz] f [Hz]
1 1,15 1,13/1,15
2 1,42 1,4/1,44
3 1,53 1,48/1,54
4 1,57 1,56/1,59
5 1,92 1,91/1,96
6 2,23 2,21/2,25
7 2,4 2,4/2,42
8 2,67 2,63/2,68
Table 6.5: Comparison between global and setup by setup analysis
Not all the frequencies appear in all the setups. Particular is the case of the ﬁrst mode: it has been
detected only by the sensor 201 in tests 12/13/14/15 and by the sensor 266 (Taurus) in tests 14/15.
The frequencies related to the modes 2,3,4,5 and 8 are the most present while the frequencies of
mode 6 and 7 appear only sometimes (Tables 6.6-6.7-6.8-6.9).
As it is clearly observable from the analysis of the results, modes 1,2 and 3 have a clear peak in the
east/west direction, while mode 4 in the north/south direction. Mode 5 and 8 are characterized
by peaks in both the directions: sometimes they appear at the same time in both the channel of
the sensor, other times no.
Considering the vertical direction of the spectra, peaks appear associated basically with mode 4
and sometimes with mode 5 and 8 too.
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Setup 1
Mode S 266 S 145 S 201
- N/S E/W UP N/S E/W UP N/S E/W UP
1
2 1,44 1,44
3 1,51 1,51
4 1,57 1,59 1,57
5 1,94 1,94 1,93 1,94 1,94
6
7
8 2,66 2,67 2,67
Setup 2
Mode S 266 S 145 S 201
- N/S E/W UP N/S E/W UP N/S E/W UP
1
2 1,44 1,44
3 1,52 1,51
4 1,57 1,59 1,59
5 1,94 1,94 1,95 1,95 1,95
6
7
8 2,67 2,67 2,67
Setup 3
Mode S 266 S 145 S 201
- N/S E/W UP N/S E/W UP N/S E/W UP
1
2 1,45 1,45
3 1,54 1,54
4 1,57 1,59 1,59
5 1,94 1,94 1,95 1,94
6
7
8 2,68 2,67 2,68
Setup 4
Mode S 266 S 145 S 201
- N/S E/W UP N/S E/W UP N/S E/W UP
1
2 1,44 1,44 1,44
3 1,51 1,51 1,52
4 1,59 1,59 1,58 1,59 1,57 1,57 1,57
5 1,95 1,94 1,94
6
7
8 2,67 2,67 2,67 2,67 2,67 2,67 2,67 2,67 2,67
Table 6.6: Setup by setup frequency analysis - MatLab - setup 1/4
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Setup 5
Mode S 266 S 145 S 201
- N/S E/W UP N/S E/W UP N/S E/W UP
1
2 1,43 1,44
3 1,52 1,53
4 1,58 1,58
5 1,93 1,94
6 2,22
7
8 2,67 2,68 2,67
Setup 6
Mode S 266 S 145 S 201
- N/S E/W UP N/S E/W UP N/S E/W UP
1
2 1,43 1,42 1,43
3 1,52 1,51 1,51
4 1,59 1,59 1,58 1,59 1,59
5 1,93 1,93
6 2,21
7
8 2,67 2,64 2,68 2,68
Setup 7
Mode S 266 S 145 S 201
- N/S E/W UP N/S E/W UP N/S E/W UP
1
2 1,42 1,42 1,41
3 1,5 1,5 1,5
4 1,59 1,59 1,59 1,59 1,58 1,59
5 1,93 1,95 1,95
6
7 2,22
8 2,68 2,64 2,67
Setup 8
Mode S 266 S 145 S 201
- N/S E/W UP N/S E/W UP N/S E/W UP
1
2 1,43 1,42 1,43
3 1,51 1,52 1,51
4 1,56 1,57 1,57 1,57 1,57
5 1,95 1,94
6
7
8 2,67 2,67 2,67
Table 6.7: Setup by setup frequency analysis - MatLab - setup 5/8
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Setup 9
Mode S 266 S 145 S 201
- N/S E/W UP N/S E/W UP N/S E/W UP
1
2 1,42 1,41
3 1,5 1,5 1,5
4 1,58 1,58 1,58 1,57 1,58
5 1,93 1,93 1,93
6
7
8 2,67 2,66 2,7
Setup 10
Mode S 266 S 145 S 201
- N/S E/W UP N/S E/W UP N/S E/W UP
1
2 1,43 1,43 1,43
3 1,51 1,51 1,5
4 1,58 1,58 1,58 1,58 1,58
5 1,93 1,93 1,94
6
7
8 2,65 2,65 2,65 2,67 2,68 2,68
Setup 11
Mode S 266 S 145 S 201
- N/S E/W UP N/S E/W UP N/S E/W UP
1
2 1,4 1,4
3 1,48 1,49
4 1,58 1,58 1,58 1,58 1,58
5 1,93 1,93
6
7
8 2,67 2,67 2,66 2,66 2,67 2,67
Setup 12
Mode S 266 S 145 S 201
- N/S E/W UP N/S E/W UP N/S E/W UP
1 1,14
2 1,4 1,4 1,4 1,39 1.39
3 1,49 1,49
4 1,56 1,57 1,57 1,57 1,57 1,57
5 1,92 1,93 1,92 1,92
6 2,23 2,24 2,25 2,24 2,24
7
8 2,64 2,65 2,65 2,65 2,65
Table 6.8: Setup by setup frequency analysis - MatLab - setup 9/12
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Setup 13
Mode S 266 S 145 S 201
- N/S E/W UP N/S E/W UP N/S E/W UP
1 1,17
2 1,42 1,42 1,43
3 1,51 1,51
4 1,57 1,57 1,57 1,57 1,57
5 1,95
6 2,25 2,24 2,25 2,25
7 2,42
8 2,68 2,68 2,67 2,67 2,63 2,63 2,62
Setup 14
Mode S 266 S 145 S 201
- N/S E/W UP N/S E/W UP N/S E/W UP
1 1,13 1,13
2 1,43 1,43 1,43
3 1,5 1,5 1,5
4 1,58 1,57 1,58 1,58 1,58 1,58
5 1,94
6
7
8 2,67 2,68 2,65 2,67 2,67
Setup 15
Mode S 266 S 145 S 201
- N/S E/W UP N/S E/W UP N/S E/W UP
1 1,15 1,15
2 1,39 1,4 1.39
3 1,48 1,48 1,48
4 1,57 1,57 1,57 1,56
5 1,91 1,9 1,91
6
7
8 2,61 2,61 2,67 2,67 2,62 2,62
Table 6.9: Setup by setup frequency analysis - MatLab - setup 13/15
The availability of the spectra for each direction united with the knowledge of the phase correlation
and the coherence between the signals allow the study of the particle motion. This technique is
useful to analyze the movement, the direction and the shape of the points where one sensor was
located. Considering and comparing the movements of all the points the possible modal shapes
associated to each mode can be delimited. The procedure follows these steps:
 For each sensor the spectra of the horizontal components must be compared. Only if the
frequencies have a peak in both the directions the particle motion of the point will be studied.
In fact, if a certain frequency presents a peak only in one direction, the movement of the
point is clear and the particle motion study can be avoided
 Each mode considered has been ﬁltered using the software SeisGram 2K. One Butterworth
ﬁlter of 8 points is applied to isolate the frequency in order to take into account only the
energy involved in the mode.
 The movement of the points studied has been drawn in a two dimensional graph: the
north/south component is on the x-axis while the east/west component on the y-axis.
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The modal shapes obtained with the particle motion study are in Appendix B.
6.1.1.3 Comparison with previous studies
The frequencies obtained with the dynamic identiﬁcation can be compared with the frequencies
obtained by the research of Martinez (Table 6.10): the seasonal change is evident.
Mode D.I. 15/16-12-2010 D.I. 03/04-05-2005 Finite Element Model
N° f [Hz] f [Hz] f [Hz]
1 1,15 1,26 1,28
2 1,42 1,47 1,6
3 1,53 1,59 1,7
4 1,57 1,91 1,86
5 1,94 2.08 1,93
Table 6.10: Comparison of frequencies
Comparing the ﬁrst 5 modes it is clearly evident a diﬀerence between the two diﬀerent analysis,
especially in the matter of the fourth mode. In fact, in the most recent analysis with a best
frequency resolution two peaks were detected in the range of frequencies between 1,5 Hz and 1,6
Hz instead of one. However it is important to remind that the dynamic behavior of a structure
varies with the time and depends on many variables of which one important is the stiﬀness. Since
the two dynamic identiﬁcations were performed in opposite season diﬀerent values of frequencies
can be expected.
The Cathedral of Mallorca presents a general diﬀusion of cracks: during the warmer season due to
the expansion of the materials, cracks become less width and this is translated into an increasing
of the stiﬀness and consequently of the frequencies. The structure in fact becomes more rigid. It
is possible that the system of cracks aﬀects more some modes: in this case the bigger variation
between the frequencies is connected to the ﬁrst mode while mode 4 (2010) and mode 3 (2005)
have almost the same value.
The available ﬁnite element model has been calibrated using the dynamic identiﬁcation performed
in 2005. Since it is a not cracked model it is more signiﬁcant to have a calibration based on the
dynamic identiﬁcation made during the summer.
In any case, the more clear frequencies appeared in the last dynamic identiﬁcation belong to the
second and to the fourth mode (global longitudinal and transversal modes): for this reason an
alternative calibration of the model should keep into account these results.
6.2 Dynamic monitoring
A dynamic monitoring system was applied to the Cathedral in July 2005 and it worked until
October 2006. Afterwards it was dismantled and for 4 years no data were available. However, after
the execution of the dynamic identiﬁcation a new monitoring system was installed and it started
recording data from December 17th, 2010 and it is still in function.
The system is composed by the same instrumentation used for the dynamic identiﬁcation. All
the data are saved in an handable hard disk and thanks to a wireless connection installed in the
Church they can be downloaded. This is very useful because there is no the necessity to go on site
to collect the data.
The accelerometers are located in the following positions (Figure 6.9):
 Position A1: the sensor 266 (Taurus) is placed over the second vault of the central nave
(Figure 6.10).
 Position A2: the Sensor 145 is placed over the ﬁfth vault of the central nave.
 Position A3: the sensor 201 is placed on the ground in correspondence of the third buttress
(north side)
Sensor 201 registers the acceleration in the base of the structure (input of the system), while the
remaining sensors were placed over the central nave where it is expected the maximum ampliﬁcation
of the signal (output of the system).
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Unfortunately, there are no devices able to collect information about the climatic conditions (like
a temperature and humidity sensors or an anemometer) actually working in the Church. This
makes more diﬃcult trying to deﬁne a correlation between the variation of the frequencies and the
environmental eﬀects.
Figure 6.9: Fixed positions of the sensors
Figure 6.10: Position A1
6.2.1 Elaboration of the data
The elaboration of the data has been carried out using a program implemented in MatLab by Prof.
Oriol Caselles. As for the dynamic identiﬁcation, the Power Spectral Density is computed in the
two horizontal and in the vertical directions: the data processed refer to windows 30 minutes long.
Despite an automatic procedure for the selection of the peaks is present, they have been always
detected manually (Figure 6.11).
Since the data collected by the new dynamic monitoring system from the beginning of its function-
ing were not yet analyzed it has been decided to study a period of three months between December
17th, 2010 and March 14th, 2011. Successively another window of two weeks during the month of
May (May 8th/May 21th, 2011) was analyzed due to the warm weather present in this period and
to see if there was a signiﬁcant variation of the frequencies.
Every day the PSD was computed using the data corresponding at 4 diﬀerent hours:
 0 a.m.: processed the data from 0 a.m. to 0.30 a.m.
 6 a.m.: processed the data from 6 a.m. to 6.30 a.m.
 2 p.m.: processed the data from 2 p.m. to 2.30. p.m.
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 8 p.m.: processed the data from 8 p.m. to 8.30 p.m.
Due to the fact the sensor 201 is on the ground, its data have not been processed. Sensors
145 and 266 give more signiﬁcant results thanks to their position at the top of the central nave.
Unfortunately sensor 266 was not working for a certain periods of time, probably because of
some problems related to the temperature. Nevertheless sensor 145 never stop working and so no
information about the dynamic behavior have been lost.
Figure 6.11: Example of PSD for the monitoring peak picking
6.2.2 Results of the monitoring
The analysis of the variation of the frequencies acquires more scientiﬁc interest if it possible to
establish a connection between them and some parameters, like environmental actions, that can
alterate the dynamic response of the structure. As previously mentioned there is not a temperature
sensor applied in the Cathedral. Therefore the correlation between the frequency trend and the
variation of the temperatures has been made using the data of a meteorology station inside the
city (Figure 6.12). The station IBPALMA2is approximately 2 km far from the Cathedral: the
temperature inside the Church will be diﬀerent but the external one has to be close. In this way
it is at least possible to have an approximate idea of the interaction frequency/temperature.
Stone temperature has an inﬂuence on the dynamic behavior of a structure: during the cycles of
thawing and freezing cracks open and close modifying the global stiﬀness of the structure. This
eﬀect can be seen both in the short period (night/day) and in the long period (winter/summer).
For this reason, other than the analysis of the long period of monitoring, the speciﬁc dynamic
behavior of the Cathedral in some selected days was considered. These periods and days were
studied:
 Long term monitoring: December 17th, 2010/March 14th, 2011 and May 8th/May 21th, 2011
 Daily monitoring: December 27th, 2010; March 12thand May 08th, 2011
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Figure 6.12: Position of the Cathedral and of the meteorological station (A)
The frequencies detected with the dynamic identiﬁcation were studied in order to eventually conﬁrm
their structural meaning and observe their development through the time. After the analysis of all
the spectra some preliminary conclusions are can be made:
 Not all the frequencies obtained through the dynamic identiﬁcation were continuously taken
by the monitoring system. Attention has been focused to the following modes (Table 6.11):
Mode Frequency [Hz] Direction Sensor
2 1,4/1,44 E-W 145-266
3 1,48/1,53 E-W 145-266
4 1,56/1,59 N-S 145-266
8 2,63/2,68 E-W 145
8 2,63/2,68 N-S 266
Table 6.11: Frequencies studied
 Mode 1 has been detected only few times by sensor 145 and almost never by sensor 266.
Furthermore the peaks don't have a lot of energy. A particular thing is related to the fact
that this frequency most of the time appears only at 2 p.m.
 Concerning the mode 4, sensor 266 always detected a peak also in the E-W direction but this
is strongly inﬂuenced by the close mode 3.
 Mode 5 was registered only by sensor 266. The frequency maintains most of the time the
same value (1,93 Hz) or undergoes insigniﬁcant variations. This means that this frequency
probably is not aﬀected by the opening/closing of the cracks.
 Mode 6 and mode 7 were captured only by sensor 266. However the peaks are not clearly
deﬁned and are detected discontinuously: they can't be analyzed with precision.
 Concerning the mode 8, sensor 145 sometimes detected a peak also in the N-S direction but
the value of the energy compared to the other direction is much lower.
 In the vertical direction the monitoring showed peaks associated with mode 4 and mode 8
probably related to he opening/closing of the vaults.
 The quality of the outcomes of the sensor 145 is better than sensor 266. Furthermore the
sensor 266 not always worked correctly.
The results are presented by means of dynamic models showing the trend of the frequencies and
the temperature through the time and static models created to obtain a linear regression between
the two variables involved.
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6.2.2.1 Long period monitoring
The results presented are the ﬁrst available after the installation of the new monitoring system.
December 2010/March 2011 A period of three months between the second part of Decem-
ber and the ﬁrst part of March was initially considered to conﬁrm the results of the dynamic
identiﬁcation and start to observe the dynamic behavior of the Cathedral.
Figure 6.13: December 2010/March 2011 - Static/dynamic model mode 2, sensor 145
In the static model ﬁgures the points represent the combination frequency/temperature. In addi-
tion are the equation of the linear regression and the value of the ﬁtting
(
R2
)
.
Figure 6.14: December 2010/March 2011 - Static/dynamic model mode 3, sensor 145
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Figure 6.15: December 2010/March 2011 - Static/dynamic model mode 4, sensor 145
Figure 6.16: December 2010/March 2011 - Static/dynamic model mode 8, sensor 145
Considering the hours used for the analysis, in these months the minimum temperature of 1,9 °C
was registered on December 27th at 6 a.m. and the maximum of 19,1 °C on March 14th at 2 p.m.
Sensor 145 and sensor 266 detected the same main frequencies just with diﬀerent values of amplitude
of the peaks: since sensor 145 was working better during this period only the graphs obtained with
its results have been here presented (Figure 6.13-6.14-6.15-6.16).
Despite the frequencies didn't change so much during these months the graphs show clearly the
daily variation due to the night/day cycles. A particular thing is that frequencies and temperatures
always culminate at the same hour but most of the times they bottom out in diﬀerent moments:
between 0 a.m. and 6 a.m. could happen that temperatures start to increase while frequencies are
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still decreasing.
The correlation between frequencies and temperature provided reasonable results between 0,6 and
0,7 while the values of the ﬁtting are lower (Table 6.13). Thence there could be other factors that
inﬂuence the dynamic behavior of the Cathedral like the wind, the humidity and/or the asymmetry
of the heating/cooling process due to the air temperature. In fact, heat radiation is a less eﬃcient
system than transmission.
Mode 2 (E/W) Mode 3 (E/W) Mode 4 (N/S) Mode 8 (E/W)
Correlation 0,651 0,687 0,613 0,621
Fitting 0,423 0,472 0,375 0,385
Table 6.12: December 2010/March 2011 - Correlation and ﬁtting, sensor 145
In any case, higher values of correlation are obtained considering only the data relative at 2 p.m.
and 8 p.m. (Table 6.13) This conﬁrm the antithesis between temperatures and frequencies at 0
a.m and 6 a.m. (Table 6.14)
Mode 2 (E/W) Mode 3 (E/W) Mode 4 (N/S) Mode 8 (E/W)
Correlation 0,733 0,742 0,711 0,674
Fitting 0,541 0,554 0,511 0,460
Table 6.13: December 2010/March 2011 - 2 p.m/8 p.m -Correlation and ﬁtting, sensor 145
Mode 2 (E/W) Mode 3 (E/W) Mode 4 (N/S) Mode 8 (E/W)
Correlation 0,289 0,403 0,228 0,359
Fitting 0,083 0,162 0,052 0,129
Table 6.14: December 2010/March 2011 - 0 a.m/6 a.m -Correlation and ﬁtting, sensor 145
The only graph obtained with the data coming from the sensor 266 refers to the north/south
component of mode 8 (Figure 6.17). As already written a lot of data have been lost due to the
bad working of the sensor in some periods.
The value of the correlation is 0,581 and the ﬁtting one is 0,315.
Figure 6.17: December 2010/March 2011 - Static/dynamic model mode 8, sensor 266
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May 2011 Once observed that the frequencies didn't increase so much during the winter, a
period of two weeks between the 8th and the 21th was monitored due to the presence of higher
temperature during that time respect to the previous months. Just considering the hours used for
the analysis, the minimum temperature of 14,1 °C was registered on May 16that 0 a.m. and the
maximum of 23,4 °C on May 20that 2 p.m. During these weeks it was not raining in Mallorca and
the wind was not so important: blasts of wind aﬀected the island the 14th, 15th and the 21th but
the maximum velocities were lower than 60 Km/h.
For the same reasons previously mentioned will be presented only the graphs obtained using the
results of the sensor 145 (Figure 6.18-6.19-6.20-6.21); the only exception is for mode 8.
Figure 6.18: May 2011 - Static/dynamic model mode 2, sensor 145
Figure 6.19: May 2011 - Static/dynamic model mode 3, sensor 145
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Figure 6.20: May 2011 - Static/dynamic model mode 4, sensor 145
Figure 6.21: May 2011 - Static/dynamic model mode 8, sensor 145
In the period analyzed each mode showed a clear increment of its frequency, conﬁrming a depen-
dence with the temperature.
Mode 2 (E/W) Mode 3 (E/W) Mode 4 (N/S) Mode 8 (E/W)
Correlation 0,645 0,590 0,516 0,498
Fitting 0,415 0,348 0,265 0,247
Table 6.15: May 2011 - Correlation and ﬁtting, sensor 145
However, looking at the values of the correlation and the ﬁtting (Table 6.15) can be supposed that
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other factors have a role in the dynamic behavior of the Cathedral. Although the correlation shows
values not really high, they are in any case over 0,5. On the opposite, the linear regression doesn't
have a cloud of points well deﬁned and the values of the ﬁtting are less than 0,5.
The north/south component of mode 8 was detected better by sensor 266 (Figure 6.22): the values
of the correlation is 0,532 and the ﬁtting one is 0,282.
Figure 6.22: May 2011 - Static/dynamic model mode 8, sensor 266
Dynamic models are useful to extrapolate other considerations:
 Analyzing the daily cycles it is observed that, while frequencies and temperatures culminates
at the same hour of the day (with exceptions for some cases of mode 8), the minimum value
is not at the same point: temperature bottoms out before the frequencies.
 Considering the two weeks it is clear how a better correlation is obtained during the ﬁrst
half: in the second week probably there were other factors strongly inﬂuencing the dynamic
behavior. Something strange occurred on May 19th and 20th because the daily tendency is
altered.
Finally it is important to underline that mode 1 was detected almost every day at 2 p.m. by the
sensor 145 and sometimes by the sensors 266 too: the frequencies range from 1,1 Hz to 1,2 Hz.
6.2.2.2 Daily monitoring
Three diﬀerent days, corresponding to diﬀerent meteorology conditions were selected to study the
speciﬁc dynamic behavior of the Cathedral during the 24 hours. Only the results obtained with
the elaboration of the data acquired by sensor 145 are presented.
27 December 2010 This day has been selected because it is one of the coldest day during the
monitored period. Furthermore it was a no rainy day and no signiﬁcant wind was present: this
allows to exclude the interaction of these environmental eﬀects in the dynamic behavior of the
Cathedral. The minimum temperature was 2,9 °C and the maximum 12,3 °C.
Despite the frequencies and the temperature reach the maximum level at the same time (Figure
6.23-6.24) there are no high values of correlation, especially for modes 4 and 8 (Table 6.16). It
can be observed that a signiﬁcant increment of the temperature does not coincide with a similar
increment of frequencies. Furthermore frequencies start decreasing before temperature.
Mode 1 was detected between 3 p.m. and 5 p.m. with a frequencies range between 1,17 Hz/1,23
Hz.
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Figure 6.23: Daily monitoring 27/12/2010 - Mode 2/3/4
Figure 6.24: Daily monitoring 27/12/2010 - Mode 8
Mode 2 Mode 3 Mode 4 Mode 8
Frequencies range [Hz] 1,447/1,495 1,532/1,587 1,575/1,605 2,661/2,722
Correlation 0,566 0,524 0,106 0,135
Table 6.16: Daily monitoring 27/12/2010
12 March 2011 This day has been selected due to the low thermal excursion during the 24
hours. The minimum temperature in fact was 12,8 °C and the maximum 15,2 °C. During the day
no signiﬁcant wind was aﬀecting the Island but from 4 p.m to 10 p.m there was a precipitation.
In this case the values of the correlation are very low, under 0,3: mode 2 shows a null value (Table
6.17). This could mean that in a probably no sunny day there are other factors inﬂuencing the
dynamic behavior of the Cathedral. Modes 2 and 4 are pretty much constant while modes 3 and
9 have a similar trend even if not regular (Figure 6.25-6.26).
Mode 2 Mode 3 Mode 4 Mode 8
Frequencies range [Hz] 1,441/1,483 1,514/1,575 1,575/1,611 2,704/2,765
Correlation 0,26 0,021 0,287 0,165
Table 6.17: Daily monitoring 12/03/2011
Figure 6.25: Daily monitoring 12/03/2011 - Mode 2/3/4
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Figure 6.26: Daily monitoring 12/03/2011 - Mode 8
Mode 1 was detected between 12 a.m. and 2 p.m. with a frequency value of about 1,09 Hz.
08 May 2011 This day has been selected because it was the warmer day of the period ana-
lyzed. The minimum temperature was 16 °C and the maximum 23,7 °C. No blast of wind and no
precipitation occurred during this day.
Figure 6.27: Daily monitoring 08/05/2011 - Mode 2/3/4
Figure 6.28: Daily monitoring 08/05/2011 - Mode 8
In this case the correlation between frequencies and temperature shows really high values for all
the modes (Table 6.18). The higher and lower peaks of frequencies of the modes 2/3/4 correspond
at the points of maximum/minimum temperature (Figure 6.27). Mode 8 has a gap of two hours
between the points of maximum/minimum temperature and frequencies (Figure 6.28). When the
temperature begins to decrease, the frequencies tend to become lower: this is more evident in
particular for modes 2 and 8. Mode 1 was detected between 12 a.m. and 2 p.m. with a frequency
of about 1,15 Hz.
Mode 2 Mode 3 Mode 4 Mode 8
Frequencies range [Hz] 1,483/1,563 1,581/1,648 1,624/1,679 2,82/2,979
Correlation 0,916 0,834 0,77 0,754
Table 6.18: Daily monitoring 08/05/2011
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6.2.2.3 Results
Temperature has a relevant inﬂuence in the dynamic behavior of the Cathedral of Mallorca. In
fact, higher temperatures allow the material to expand and so the cracks reduce their width. From
a structural point of view this is translated into an increase of the stiﬀness and consequently of
the frequencies. This is clear looking at the mean values of the frequencies of each mode detected
by sensor 145 at the selected hours of the day (Table 6.19). For a ﬁnite element model means that
depending on the period of the year, the elastic modulus of the material should change in order to
simulate the changing of the stiﬀness.
f [Hz] - Hour 0 a.m. T [°C]
Mode 2 Mode 3 Mode 4 Mode 8 -
December 1,46 1,541 1,583 2,682 9,71
January 1,464 1,545 1,59 2,695 8,7
February 1,468 1,552 1,598 2,726 10,08
March 1,455 1,539 1,59 2,699 9,07
May 1,497 1,598 1,639 2,852 16,51
f [Hz] - Hour 6 a.m. T [°C]
Mode 2 Mode 3 Mode 4 Mode 8 -
December 1,458 1,54 1,587 2,678 8,76
January 1,462 1,54 1,588 2,69 8,54
February 1,458 1,543 1,588 2,703 10,53
March 1,45 1,537 1,588 2,693 9,89
May 1,477 1,577 1,623 2,806 18,27
f [Hz] - Hour 2 p.m. T [°C]
Mode 2 Mode 3 Mode 4 Mode 8 -
December 1,484 1,574 1,604 2,713 13,61
January 1,492 1,577 1,61 2,738 13,03
February 1,497 1,584 1,617 2,763 13,79
March 1,589 1,575 1,609 2,745 13,77
May 1,535 1,626 1,655 2,902 21,96
f [Hz] - Hour 8 p.m. T [°C]
Mode 2 Mode 3 Mode 4 Mode 8 -
December 1,467 1,546 1,588 2,687 10,86
January 1,468 1,549 1,594 2,705 10,05
February 1,475 1,558 1,602 2,74 10,56
March 1,469 1,553 1,596 2,728 10,69
May 1,508 1,608 1,644 2,887 18,63
Table 6.19: Comparison of the mean values of frequencies
Obviously there are others factors involved in the understanding of the variation of the dynamic
behavior of the Cathedral. The analysis of the dynamic models showed that frequencies and tem-
peratures culminate at the same hour during the daily cycles but bottom out in diﬀerent moments:
the temperature in most of the cases reaches the minimum before the frequency. This could be
related to speciﬁc dilatation and contraction properties of the material. One important aspect that
should be considered in the study is the solar irradiation. Due to the lack of adequate instrumen-
tation it was not possible to correlate the variation of the frequencies with other environmental
parameters like the wind or the relative humidity.
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6.2.3 Earthquake eﬀects
During the ﬁrst months of monitoring two earthquakes (Table 6.20) of worldwide importance
happened and their eﬀect on the Cathedral was studied:
 T	ohoku (Japan) tsunami and earthquake: occurred on March 11th, 2011.
 Lorca (Spain) earthquake: occurred on May 11th, 2011.
Japan Spain
Date 11/03/2011 11/05/2011
Time 05:46:23 (UTC) 16:47:25 (UTC)
Location 38.322°N, 142.369°E 37.699°N, 1.673°W
Depth 32 km 1 km
Magnitude 9.0 5.1
Table 6.20: Information on the earthquakes [U.S Geological survey website]
The earthquakes are quite diﬀerent: the Japanese one was in a teleseisme while the Spanish is a
regional one. This could cause a diﬀerent response of the Cathedral. As previously mentioned the
monitoring system has one accelerometer placed on the ground (sensor 201) and two accelerom-
eters (sensors 145 and 266) placed over the central nave. This allows to detect the ampliﬁcation
producted by the seismic waves.
For a complete analysis and an accurate comprehension of the results three diﬀerent windows of
time were selected for each earthquake:
 A ﬁrst window at least half an hour before the earthquake.
 A second window just before the seismic event.
 A third window during the earthquake.
The analysis were carried out using a software implemented in MatLab by Prof. Oriol Caselles.
For each window the channels of the sensor 201 were compared with the respective channels of
the sensors 145 and 266 (Table 6.21). The results are presented showing in the same screen the
following graphs:
 PSD of two diﬀerent signals.
 Coherence between the signals.
 Transfer function between the signals.
Transfer functions express the relation between the input and the output of a linear time dependent
system. In signal processing ﬁeld they are used as single-input single-output ﬁlters. Eventual non
linearity can be seen as errors.
In this case the vibrations registered by sensors 201 are considered the input signal while the
output are the measurements taken by the sensors 145 and 266. If the transfer function gives a
value bigger than 1 means that the input signal is ampliﬁed. Two transfer function estimators have
been calculated. One gives the minimum value, the second the maximum: the real value is in the
middle.
6.2.3.1 T	ohoku earthquake
T	ohoku earthquake happened on March 11th, 2011. The epicenter was far from the seashore and
a consequent tsunami (with waves higher than 10 meters) was generated. 14800 persons died due
to this seismic event.
The following windows (Figure 6.29) of time were considered for the analysis:
 Window 1: starts at 4 a.m and it is approximately 30 minutes long
 Window 2: starts at 5.10 a.m and it is approximately 36 minutes long:
 Window 3: starts at 5.46 a.m and it is approximately 25 minutes long
64
6. CURRENT STUDIES ON THE MALLORCA CATHEDRAL 6.2. Dynamic monitoring
Fig. PSD 266 (Taurus) PSD 145 PSD 201 COH TR F.
- E/W N/S UP E/W N/S UP E/W N/S UP - -
1 X X X X
2 X X X X
3 X X X X
4 X X X X
5 X X X X
6 X X X X
Table 6.21: Cases for the analysis of earthquake eﬀects
Transfer function >1
Fig. Win 1 Win 2 Win 3
1 No No No
2 No No No
3 No No No
4 No No No
5 No No No
6 No No No
Table 6.22: T	ohoku earthquake: value of the transfer function
The analysis showed that the modes of the Cathedral were no excited by the earthquake: in fact
the value of the transfer function are always less than 1 (Table 6.22).
The reasons of this behavior refer to the fact that the frequencies of the seismic waves arrived in
Mallorca from Japan are too low with respect to the frequencies of the Cathedral.
The following graphs are given as an example to show how the MatLab program provides the
results (Figure 6.30-6.31).
Figure 6.31: T	ohoku earthquake: window 3 - S145/S201 E/W direction
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Figure 6.29: T	ohoku earthquake: windows analyzed
6.2.3.2 Lorca earthquake
Lorca earthquake happened on May 11th, 2011. It is considered the worst earthquake happened
in Spain since 1956 and 9 persons died during the seismic event.
The following windows (Figure 6.32) of time were considered for the analysis:
 Window 1: starts at 4.11 p.m and it is approximately 8 minutes long
 Window 2: starts at 4.42 p.m and it is approximately 6 minutes long
 Window 3: starts at 4.48 p.m and it is approximately 3 minutes long
The Lorca earthquake helps to highlight the main frequencies of the Cathedral of Mallorca (Table
6.23). The amplitude of the output signals during the seismic event (Window 3) is much higher
than the value of the input. Contrariwise just before the earthquake (Window 2) no ampliﬁcation is
registered as if the overstructure is not inﬂuenced by the input acceleration. Before the earthquake
there is an ampliﬁcation only in some cases but the value of the transfer function is close to 1.
Transfer function >1
Fig. Win 1 Win 2 Win 3
1 Yes (0,1/1,2) No Yes (1/35)
2 No No Yes (4/4,5)
3 No No Yes (1/2,5)
4 Yes (0,1/1,5) No Yes (1/10)
5 Yes (0,5/8) No Yes (5/18)
6 No No Yes (2,5/8,5)
Table 6.23: Lorca earthquake: value of the transfer function
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Figure 6.30: T	ohoku earthquake: window 2 - S145/S201 E/W direction
The maximum ampliﬁcation is obtained for the East/West direction of the sensor 266: the value
is between 1 and 35 (Figure 6.33). All the graphs used to detect the ampliﬁcation during the
earthquake are available in the Appendix C. Analyzing the results it is evident that mode 1 never
appears. Moreover in the longitudinal direction mode 3 is more excited than mode 2.
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Figure 6.32: Lorca earthquake: windows analyzed
Figure 6.33: Lorca earthquake: window 3 - S145/S266 E/W direction
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Chapter 7
CONCLUSIONS
Dynamic identiﬁcation and dynamic monitoring are important instruments for the scientiﬁc ap-
proach to the analysis of historical constructions and restoration works. In fact, the hypothesis
on the structural behavior collected in one ﬁnite element model must be validated with empirical
evidences like the knowledge of the history, the inspection and of course the monitoring. Therefore
a comparison between analytical (based on hypothesis) and experimental (based on reality) results
is always necessary.
The Cathedral of Mallorca is without doubts a masterpiece of the Gothic architecture. Particularly
in the last years it has been extensively studied both from a static and dynamic due to the structural
problems it presents. This works aimed to provide a better understanding of the dynamic response
of the Cathedral of Mallorca thanks to the post-processing of the data obtained with the new
monitoring system installed at the end of 2010.
A dynamic identiﬁcation based on random vibrations was initially carried out on December 15 thand
16th, 2010: the results were compared with whose of a previous study and a satisfactory agreement
was found. The frequencies are in the range between 1 Hz and 3 Hz. The ﬁrst frequency of about
1,15 Hz appeared just in few setups, mainly when the sensor where positioned in the south lateral
nave in the vaults more close to the apse. The second (f=1,42 Hz) and the third mode (f=1,53 Hz)
are longitudinal while the fourth mode, with a frequency of about 1,58 Hz, is the one characterized
by the highest amplitude and it is transversal.
Once established the ﬁxed position of the sensors, the monitoring system started working on
December 17th, 2010 and it is still active nowadays. The trend of the frequencies through the time
was compared with the variation of the temperatures. Actually inside the Cathedral there are
no adequate devices to register parameters related to the weather conditions as the temperature,
the relative humidity and the velocity/direction of the wind. To supply this lack and deﬁne a
correlation frequencies/temperatures it was decided to use the data registered by a meteorological
station inside the city of Palma.
Finally the dynamic response of the Cathedral subjected to two earthquakes detected by the
monitoring system was investigated.
By the analysis of the ﬁrst results of the monitoring the following conclusions come out:
 The new dynamic identiﬁcation carried out has a better resolution than the old one. This
has permitted to divide the 3th mode of Martinez (2007) in two diﬀerent, one of 1.53 Hz and
another of 1.57 Hz.
 The simultaneous measurements with two or three accelerometers during the dynamic iden-
tiﬁcation campaign allowed to correlate the signals and therefore to know the phase and the
amplitude ratio between them. In this way it is possible to carry out a modal shape analysis
using ARTeMIS. This program has shown the modal shapes of each modal frequency where
measurements has been taken.
 From the analysis of setup-by setup analysis carried out with MatLab it is found that the
ﬁrst mode was never detected by the reference sensor. Therefore it is impossible a correlation
with the data of the diﬀerent setups and this could lead to errors in the analysis of the results.
For this reason the results obtained with ARTeMIS have to be deeply analyzed not to fall in
error.
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 The setup by setup analysis has pointed out the limits of programs like ARTeMIS in the
study of so complex structures as Mallorca Cathedral were sometimes some modes don't
appear. When a mode doesn't appear in a speciﬁc place means that it have low response in
this place. If this frequency doesn't appear in the ﬁxed accelerometer during the analysis of
a setup but it appears in other positions nothing can be said about the modal shape of the
frequency at this place. This aspect is very important in automatic programs like ARTEMIS
and has to be controlled in the study of complex structures.
 Usually the ﬁrst mode of a structure is very clear but this is not the case of the Cathedral of
Mallorca. It appeared discontinuously both during the dynamic identiﬁcation and the long
monitoring. Most of the time it was detected only during the warmer moments of the day.
Modes 2,3,4 and 8 are the best to be analyzed.
 Looking at the results of the dynamic identiﬁcations carried out in 2005 and 2010 it is clear
the seasonal change of the frequencies. The ﬁrst mode seems to be the most aﬀected by the
changing of stiﬀness related to the cracks variation. This is conﬁrmed also by the the recent
monitoring. Mode 8 looks as the less aﬀected.
 Temperature has an important inﬂuence on the dynamic behavior of the Cathedral of Mal-
lorca as it is shown by the diﬀerence of the frequencies between December and May. Unfor-
tunately it is not the only factor involved: this is highlighted by the values of correlation and
ﬁtting found for the diﬀerent cases analyzed. Furthermore the temperatures reach the mini-
mum point before the frequencies and not at the same time. This could be related directly
to the material, probably due to its speciﬁc properties of dilatation and contraction.
 Frequencies should be continuously monitored: if the trend shows a progressive reduction of
their values (corresponding to a decreasing of stiﬀness) then preventive measures should be
taken.
 Vibrations generated by earthquakes could be useful for detecting the dynamic parameters
of the Cathedral. To be used, the range of frequencies of the earthquakes should excite the
structure otherwise the eﬀect could not be visible.In this study, only the Lorca earthquake
helped in the deﬁnition of the dynamic characteristics.
7.1 Recommendations for eventual future studies
A deeper understanding of such an incredible and complicate construction as the Cathedral of
Mallorca requires a continuous big eﬀort due to the fact that its structural behavior changes with
the time. Despite a lot of studies were carried out, certainly there is the necessity to investigate
better some aspects and the following points should be taken into account:
 The new monitoring system started working during December 2010 and only the results of
the winter months has been analyzed. It is recommended that it will be maintained active
for a long period in order to have a continuous monitoring and check the changing of the
frequencies comparing every day with the same of the previous year. To investigate better the
ﬁrst mode another accelerometer should be placed in one of the points where the frequency
was detected by the dynamic investigation campaign.
 It is important to understand the reasons that lead the structure to modify its frequencies and
consequently its stiﬀness: devices as temperature and humidity sensors or an anemometer
should be installed because they are a signiﬁcant suppport to future analysis. An instrument
able to detect the solar irradiation could also be positioned.
 An improved analysis of the correlation between frequencies and temperature could be ob-
tained by means of the autoregressive moving average (ARMA) models.
 A study about the dilatation and contraction properties of the stone should be performed
in order to understand if the material shows a diﬀerent behavior during the daily cycles of
heating and cooling.
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 A new dynamic identiﬁcation campaign could improve the knowledge of the Mallorca Cathe-
dral especially if in this new identiﬁcation buttresses, walls and Royal chapel vaults are
considered. The results shows the importance of having more than one ﬁxed accelerometer
in order to compare the amplitude and phase of the modal shapes of each set up and carry
out a good modal shape analysis.
 The actual existing model of the Cathedral of Mallorca is non cracked: a signiﬁcant scientiﬁc
improvement could be the simulation of the actual crack pattern inside the model. This
could be done for instance by reducing the stiﬀness of the appropriate elements or using
some interface elements as springs. An alternative calibration based on mode 4 could be
carried out to see eventual diﬀerences.
 The change of the frequencies should be correlated with the variation of the width of the
cracks to investigate and divide reversible and irreversible deformations.
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Appendix A
INSTRUMENTATION
The main components of the monitoring system are the 3 accelerometers, the 2 digitisers and
a digital seismograph. The instrumentation is completed by all the cables, a GPS antenna, an
handable hard disk and a router to send the data. The electricity necessary to keep in function the
monitoring system is taken directly from the Cathedral. Instead during the dynamic identiﬁcation
campaign a temporary battery was used.
A.1 Accelerometers
Two types of accelerometers were used during the dynamic identiﬁcation and then placed in ﬁxed
positions for the monitoring.
Accelerometer GURALP SYSTEMS CMG-5T This accelerometer (Figure A.1)corresponds
to the sensors 266 and 145. The principal characteristics are:
 Typology: triaxial strong-motion accelerometer
 Feedback: force balance
 Bandwidth: from DC to 100 Hz
 Full scale range: ±4g, ±2g, ±1g, ±0.5g, ±0.1g
 Sensitivity: the standard is 5V/g but it depends on the selected full scale range
 Dynamic range: <140 dB, 0,005-0,05 Hz; <127 dB, 3-30 Hz
 Operating temperature range: -20 °C to 70 °C
Figure A.1: Accelerometer GURALP SYSTEMS CMG-5T
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Accelerometer TITAN This accelerometer (Figure A.2) produced by Nanometrics corre-
sponds to the sensor 201. The principal characteristics are:
 Typology: triaxial, horizontal-vertical accelerometer
 Feedback: force balance with capacitive displacement transducer.
 Bandwidth: from DC to 430 Hz
 Full scale range: ±4g, ±2g, ±1g, ±0,5g, ±0,25g.
 Sensitivity: 5 V/g, 10 V/g, 20 V/g, 40 V/g, 80 V/g depending on selected full scale range
 Dynamic range: 166 dB @ 1 Hz, over 1 Hz bandwith; 155 dB, 3-30 Hz
 Operating temperature range: -40 °C to 60 °C
Figure A.2: Acceleromer TITAN
A.2 Digital seismograph
The digital seismograph Taurus produced by Nanometrics (Figure A.3) can interface with
almost every sensor and register continuosly data for a period of almost 6 months if 9 channels are
connected. Furthermore it has the attribute of internet and wireless connection. The sampling is
simultaneous in all the channels and thanks to a GPS clock the timing accuracy is very precise. It
was connected to the sensor 266 and its principal characteristics are:
 Channels: 3, upgradeable up to 6 or 9 using an external digitizer.
 Dynamic range: >141 dB @ 100 samples per second
 Sample rates: 10, 20, 40, 50, 80, 100, 120, 200, 250 and 500 samples per second
 Sensor types: broadband active and short period passive
 Timing accuracy: <100 μsec
 Internal storage: hard drive ATA 1.8 of 40 GB
 Data storing capacity: >800 days continuous recording, 3-channels @ 100 sps on 40 GB ATA
drive
 Recording modes: continuous; writing once or ringbuﬀer
 Direct data ouput: MiniSEED, sorted MiniSEED,ASCII, Seisan, SEGY and Nanometrics
NP formats
 LCD Display: 240*320 colour graphics display with backlight
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Figure A.3: Digital Seismograph TAURUS
A.3 Digitiser
Two digitisers Trident 305 (Figure A.4) connected to the sensors 145 and 201 expand the total
number of channels supported by Taurus from 3 to 9. These are low power 3 channels digital con-
verters whose performance speciﬁcations are identical to the internal Taurus digitiser. Trident
can be setted indipendently of Taurus but at same time making use of it for communications,
GPS timing, data storage and power. The main characteristics are:
 Channels: 3 (6-channel conﬁguration achieved by daisy-chaining two units)
 Dynamic range: 142 dB typical
 Sample rates: 10, 20, 40, 50, 100, 200, 500 samples per second
 Timing accuracy: <100 μsec
 Operating temperature range: -20 °C to 55 °C
Figure A.4: Digitiser TRIDENT
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Appendix B
PARTICLE MOTION STUDY
The possible modal shapes of the frequencies detected with the dynamic identiﬁcation are presented
in this appendix. For each measurement point (Figure B.1) the direction of the movement is
represented using arrows if the component is clear or with a 2D graph (Particle Motion) if there
is a complex behavior.
Figure B.1: Measurement points
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Mode 1 ARTeMIS detected a frequency of 1,15 Hz. Using MatLab the frequency ranges between
1,13 Hz and 1,15 Hz.
Test 15 Sensor 201 (A)
Figure B.2: Particle motion study Mode 1
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Mode 2 ARTeMIS detected a frequency of 1,42. Using MatLab the frequency ranges between
1,4 Hz and 1,44 Hz.
Test 12 Sensor 266 (A) Test 15 Sensor 266 (B)
Figure B.3: Particle motion study Mode 2
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Mode 3 ARTeMIS detected a frequency of 1,53 Hz. Using MatLab the frequency ranges between
1,48 Hz and 1,53 Hz.
Figure B.4: Particle motion study Mode 3
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Mode 4 ARTeMIS detected a frequency of 1,57 Hz. Using MatLab the frequency ranges between
1,56 Hz and 1,59 Hz.
Test 1 Sensor 201 (A) Test 2 Sensor 201 (B) Test 6 Sensor 266 (C)
Figure B.5: Particle motion study Mode 4
The remaining graphs are at the end of this appendix.
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Mode 5 ARTeMIS detected a frequency of 1,92 Hz while using MatLab the frequency ranges
between 1,91 Hz and 1,96 Hz.
Test 1 Sensor 145 (A) Test 2 Sensor 145 (B) Test 3 Sensor 145 (C)
Figure B.6: Particle motion study Mode 5
The remaining graphs are at the end of this appendix.
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Mode 6 ARTeMIS detected a frequency of 2,23 Hz while using MatLab the frequency ranges
between 2,21 Hz and 2,25 Hz.
Figure B.7: Particle motion study Mode 6
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Mode 7 ARTeMIS detected a frequency of 2,4 Hz while using MatLab the frequency ranges
between 2,4 Hz and 2,42 Hz.
Test 1 Sensor 201 (A) Test 2 Sensor 201 (B)
Figure B.8: Particle motion study Mode 7
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Mode 8 ARTeMIS detected a frequency of 2,67 Hz while using MatLab the frequency ranges
between 2,63 Hz and 2,68 Hz.
Test 1 Sensor 145 (A) Test 3 Sensor 145 (B) Test 4 Sensor 266 (C)
Figure B.9: Particle motion study Mode 8
The remaining graphs are at the end of this appendix.
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Test 7 Sensor 266 (D) Test 10 Sensor 266 (E)
Figure B.10: Particle motion study (II part) Mode 4
Test 1 Sensor 201 (D) Test 2 Sensor 201 (E) Test 3 Sensor 201 (F)
Figure B.11: Particle motion study (II part) Mode 5
Test 11 Sensor 266 (D) Test 11 Sensor 201 (E) Test 13 Sensor 201 (F)
Test 15 Sensor 266 (G)
Figure B.12: Particle motion study (II part) Mode 4
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Appendix C
LORCA EARTHQUAKE
Lorca and Palma de Mallorca are only 450 km far in the Betic geological structure (Figure C.1) and
this is probably one of the reason for which the earthquake was well detected by the monitoring
system. The accelerogram of the earthquake (Figure C.2) and the graphics analyzed to study the
eﬀects of the seism on the Cathedral are here presented (Figure C.3-C.4-C.5-C.6-C.7-C.8).
Figure C.1: Position of Lorca and Palma de Mallorca
Figure C.2: Lorca earthquake: window 3 - accelerogram
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Figure C.3: Lorca earthquake: window 3 - S145/S201 E/W direction
Figure C.4: Lorca earthquake: window 3 - S145/S266 E/W direction
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Figure C.5: Lorca earthquake: window 3 - S145/S201 N/S direction
Figure C.6: Lorca earthquake: window 3 - S145/S266 N/S direction
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Figure C.7: Lorca earthquake: window 3 - S145/S201 U/D direction
Figure C.8: Lorca earthquake: window 3 - S145/S266 U/D direction
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